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SUPERCONDUCTING CABLE 



BACKGROUND OF THE INVENTION 
EIBLD OF THE INVENTION 

The present invention relates to a supercondudrng cable employing a flexible oxide superconductor, 
and more particularly, it relates to forming a superconducting cable. This invention also relates 
generally to solvent welding of laminated film and to supercritical solvent welding of oriented fOms. 

DESCRIPTION OF THE BACKGROUND ART 

Superconducting materials are those where the electric resistance approaches zero (luv/cm) below 
a critical tercperature, its value depending on the material. Superconductivity is defined witihin a 
critical surface, i.e, a graph or figure wifli its axes being temperature, electrical current and magnetic 
field. Thus, for a given working teroperature thwe is a defined curve of critical current which is a 
fimction of the magnetic field generated and/or appKed to the superconductor. 

The best known superconductor materials are NbTi and NbsSn, however their working temperature 
is only 4,2JL, the boiling temperature of liquid helium. This is the main limitation to large scale 
application of these superconducting materials. Such superconductors are therefore used almost 
exclusively for winding of naagnets. Manufectured firom wires (NbTi andNbsSn) or tapes (NbaSn) 
with high critical current densities (3500 A/nmf 5 Tesla for NbTi), such winding of cowpact 
magnets provide the production of high fields (up to 1 8 Tesla) in large volumes. 

These superconductor magnets are used for the formation of medical images by nuclear magnetic 
resonance (MKT) and for materials analysis by the same princ^le (NMR), the magnets for ore 
separation and research magnets for high fields, such as those used in large particle accelerators 
(SSC, HERA, KEK, etc.). 
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Oxide superconductors of higher critical temperatures were discovered in 1986. These are " 
intermetalHc compounds involving metal oxides and rare earths, with perovsMte (mica) cr/stal 
structure. Their critical temperatures vary from 30K to approaching room ten5)eratttre and their 
critical fields are above 60 Tesla. Therefore these materials are considered promisiag and may 
replace NbjSn and NbTi in the manufacture of magnets and find other applications not feasible with 
liquid helium, such as transmission of electricity. Such materials have not previously been available 
as wires, cables, films, tapes or sheets. 

An oxide superconductor which enters the superconducting state at the ten^erature ofKquidnitrogen 
would be advantageous for application in a superconducting cable having a cooling medium of liquid 
nitrogetL Witii such an application, it would be possible to simultaneously attain sinplification of 
the thennal protection s;$^emandreduction of tiie cooling cost in relation to a superconducting cable 
which requires Hquid heUum. 

A superconducting cable must be capable of transmitting high current with low energy loss in a 
corapact conductor. Power transmission is general made through an alternating current, and a 
superconductor employed under an alternating current would inevitably be accon5)anied by energy 
loss, genericaliy called AC loss. AC losses such as hysteresis loss, coupling loss, or eddy current loss 
depends on the critical current density of the superconductor, size of filaments, the stracture of the 
conductor, and the like. 

Various types of superconducting cables have been experimentally produced using metallic 
superconductors to study the structures for reducing AC loss, such as a superconductor which 
cornprises a normal conductor and composite multifilamentary superconductors which are spirally 
wound along the outer periphery of the normal conductor. The conductor is formed by clockwisely 
and counterclockwise wound layers of comtposite roultifilamentary superconductors, which are 
alternately superinqposed with each other. The directions for winding the conductors are varied every 
layer for reducing magnetic fields generated in the conductors, th^eby reducing impedance and 
increasing current carrying capacity thereof This conductor has a high-resistance or insulating layer 
between the layers. 
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, When a cable conductor is formed using an oxide superconductor, the technique employed in ametal 
superconductor cannot be used. An oxide superconductor, ie., a ceramic superconductor, is fragile 
and weak in mechanical strain compared with a metal superconductor. For exaaple, tbs prior art 
discloses a technique of spirally winding superconductors around a noimal conductor so that the 
winding pitdi is equal to the diameter of each superconductor. However, when a siqjerconducting 
wire con^irising an oxide STq)erconductor covered with a sihrer sheath is wound at such a short pitch, 
there is a high probability that the oxide superconductor will be broken, thereby inteirupting the 
current When an oxide superconducting wire is extremely bent, its critical current may also be 
greatly reduced. 

The cable conductor must be flexible to some extent to fecihtate handling. It is also difficult to 
manufecture a flexible cable conductor from a hard, fragile oxide superconductor. 

Pofyolefins are the most widefy used class of potymers in the word tod^. They have been made 
popular by both their use&l pl^^ical and mechanical properties as well as their inexpensive 
manufecturabiEly. Because of the ine3q)ensive nature of these polyolefins many attempts have been 
made to increase the physical and mechanical properties so as to further extend the scope of 
^pHcations of these polymers. Perhaps the most widely practiced technique for this purpose is 
orientation. It is well known that upon drawing, the modulus, ultimate strength, tear resistance and 
puncture resistance are all increased in the draw direction, Ajji, A; Legros, N.; Dumoulin, M.M. 
Advanced Performance Materials 1998, 5, 117-136. Unfortunatefcr, all of these properties are 
siraultaneousfy reduced in the transverse direction. Biaxial orientation has led to some degree of 
success, however the increased matjsrial properties are not as significant. It is therefore clear that in 
order to fijUy exploit the benefits of orientation, one must find a w^ to suppress the undesirable 
decreaseinmaterialpropertiesinfhetransvasedirection. One way to accon?)lish this is to create 
a quasi-isotropic conaposite of oriaited polyolefins. It would also be beneficial if this could be done 
without the addition of an adhesive, which itself will serve to change the material properties of the 
systeOL 



Welding of polymers has received much attention in the polymer community over the last 30 years. 
The goal of any polymer welding technique is to produce a bond between two pofymeis (alike or 
dislike), suchthat after welding, the weldinterfeceis free of defects andhas high structural integrity. 
Idealfy the welded joint wfll have medianical and physical properties caching that of the bulk 
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polymer. Researchers have developed many methods to weld polymers, all of which have 
eisperienced varying degrees of success in practical use. 



Perhaps the oldest and most effective procedure for welding polymers involves melt pressing. In this 
procedure, two polymer substrates are first taken above the melt temperature for semi-crystalUne 
polymers, or above the softening temperature for amorphous potymers. The substrates are then 
placed in contact with some initial normal force to produce intimate contact and allowed to 
interdifiuse. In many cases it is possible to produce a welded joint with good mechanical and 
physical properties. In general, this technique is single and it is by fer the most widely used and 
effective. Many researchers have extended this simple idea to more elaborate schemes. R. S. Porter 
and W, T. Mead, Mead, W.T.; Porter, R.S. J. Appl Polym Sci 1978, 22, 3249-3265, have taken Ihis 
simple concept and created single polymer composites, (composites which are composed of a single 
type of polymer). By exploiting the difference in melting ten5)erature between High Density 
Polyethylene (HOPE) fibers (ca. 139^C) and conventional HDPB (ca. 132*C) or Low Density 
Polyethylene (LDPE) (ca. 1 lO^'C) , Porter et. aL wore able to embed the HDPB fibers into either a 
HDPB or LDPE matrix, with only minimal relaxation of the fibers . Due to the extremely high degree 
of orientation in the fibers, they retained a great deal of strength even after relaxation. Similarfy, V. 
Thomas and J. T. Tielldng, Thomas, V.; Tielking, J.T.; Wolfenden, A.; Said, M.A. Annu Tech Conf 
ANTECConf Proc 1996,3,3234-3238; andThomas, V.; Said, M.A. Annu Tech Conf A3>rrEC Conf 
Proc 1997, 2, 2362-2366, created non-woven fabrics by extrading polymer filaments directly onto 
a thin polymer film carrier. In both instances the adhesion is due to polymer interdiffusion while ia 
the melt as well as epitaxial transcrystaHization Although Ihis is a very useful and flexible 
technique, it is always necessary to melt or soften the polymers to the point of flow. Hence, it is 
normally vCTy difficult to retain my morphology, ie. crystaHinily and orimtation, that is ia the 
pdiymsr substrate prior to welding. 

Ultrasonic welding is a technique that employs high firequency (10-40 kHz) low amplitude (1-25 fjm) 
mechanical vibrations to induce cyclical deformation in the polymers. This deformation causes 
intermolecular friction that converts the mechanical energy to heat. When enough energy has been 
supplied to overcome the softerdng tenperature, the parts iaterdiBfiise and a weld is achieved, Lin, 
SJ.; Lin, W.F.; Chang, B.C.; Wu, G.M.; Hung, S.W. Adv Polym Technol 1999, 18, 125-135. 
Ultrasonic welding is an important process in industry because it is fest and economical. However, 
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it is best suited to polymers with low softening temperatures and is difBcult to adapt to crystaHiae 
polymers or polymers with, low stifiSiess. Ultrasonic welding also ultinaately relies on thermally 
induced flow, which means it suffers from most of the drawbacks of conventional melt pressing. 
Another technique which is widely used for the bonding of polymers is solvent welding. With this 
technique a solvent or softening agent is appHed to the surface of the polymers, and the two sur&ces 
are brought together with an applied force. The adhesion, in this case, is due to difiiision of the 
solvated/soflenedmaterial at the interface of the two polymers. C. Y. Yue et. al-,Yue, C Y.; Cherry, 
B.W. Adhesion (Barldng, England) 1986, 147-177, reviewed the structure and strength of solvent 
welded joints. Yue notes that even after elaborate drying procedures and very long drying times 
(days to weeks) some solvent always remains in the polymer. This solvent rmmas in the vicinity 
of the bond and has a deleterious effect on the strength of the material at that point. Yue found that 
the bond strength was directly related to the size of this solvent affected region. More recently F. 
Beaume andN. Brown, Beaume, F.; Brown, N. Joumal of Adhesion 1993, 43, 91-100, have studied 
the solvent welding of polyamLde -11. They too found that the strength of the bond was effected by 
this solvCTt affected region, and that since the solvent could never be fuHy removed, initial material 
strength could not be attained. In addition to the mechanical effects of this residual solvent, it should 
also be noted that this technique often enoploys haloginated solvents, which are highly regulated and 
must be treated as hazardous waste. This leads to the solvent welded polymers themselves often 
being treated as hazardous waste due to the residual solvent. Most solvent welding has traditionally 
been restricted to amorphous polymers, and has found little or no use with crystalline or semi- 
crystalline polymers. 

In recent years, supercritical carbon dioxide (SG CO2) has received much attention in the polymer 
communily due to its unique solvent properties. The scope of the field is described in a recent review 
paper by Andrew L Cooper, Cooper, A.I. Journal of Materials Chemistry 2000, 10, 207-234. 
AMiough supercritical CO2 is a non-solvent for most polymers, it plasticizes most polymers very 
efficiently. McCarthy et al.,Kung,E.; Lesser, A.J.; McCarthy, T.J.Maca:omolecules 1998,31,4160- 
4169, have shown that the increased firee volume in the swollen polymers is actually sufficient to 
allow chemical reactions within the bulk of a polymer. This increase in free volume leads to a 
decrease in viscosity and hence an increase in chain mobihty. Lesser et. al., Hobbs, T.; Lesser, A. J.; 
JPolymSciPartB 1999,37, 1881-1891, have exploited this effect in the drawing of fibers, attaining 
higher draw ratios than are attainable under ambient conditions. It is important to note lhat the 
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carbon dioxide permeates the amoiphous regions only, leaving the crystal structure imdisturbed, thus 
allowing semi-crystalline polymers to retain their integrity during and after the process. Because the 
CO2 reverts to a gas xmder ambient conditions, this solvent is easily and coinpletely removed after 
treatment This allows SC CO2 to act as a reversible plasticizmg agent. 

SOVIMARY OF THE INVENTION 

An object of the present invention is to provide a superconducting cable having flexibility and 
exhibiting excellent superconductivrty, particularly high critical current and hig^ critical current 
density, having an oxide superconductor. 

Another object of the present invention is to provide such a superconducting cable which is reduced 
in AC loss. 

According to the present invention a superconducting cable is provided employing an oxide 
superconductor, which comprises a flexible core meniber, and a plurality of tape-sh^ed oxide 
superconducting wires which are wound on the core meinber, without an electric insulating layer 
between the superconducting whres or between the core member and the superconducting wires. In 
the inventive conductor, each of the oxide superconducting wires consists essentially of an oxide 
superconductor and a stabilizing metal covering the same. The plurality of tape-shaped 
superconducting wires laid on the core member form a plurality of layers, each of which is formed 
by laying a plurality of tape-shaped superconductiig wires in a side-by-side manner. The plurality 
of layers are successively stacked on the core member. This core meniber provides the inventive 
superconducting cable with flexibiUty. The sup^conducting cable according to the present invention 
maintains a superconducting state at the teroperature of liquid nitrogen. 

The conductor according to fhepresent invention ftirtherprovides auAC conductor wluchis reduced 
in AC loss. 



6 



wo 02/23557 PCT/USOl/28929 

The present invention also includes a hovel approach to solvent-welding semi-crystalline polymers 
wherein supercritical carbon dioxide is used as the plasticizdng agent. This process is used to 
fabricate quasi-isotropic laminated films from highly oriented LLDPE fiha The interfacial adhesion 
between individual plys of the laminate is increased over prior art processes without detrimieat to 
other physical and mechanical properties of the lammate. 

The foregoing and other objects, features, aspects and advantages of the present invention will 
become more apparrat from the following detailed description of the present invention when taken 
in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective view showing the multilayer structure of the present invention; 

FIG, 2 is a sectional side view showing one erdbodiment of the present invention; 

FIG. 3 is a sectional side view showing anolher embodiment of the present invention; 

FIG. 4 is a depiction of the embossing pattern used in the present invention. 

FIG. 5 is a schematic drawing of the Supercritical CO2 processing chamber. The chamber allows for 
the application of a nonnal force to the substrate while in the prraence of COg. 

FIG. 6 is a Differential ScamiiDg Calorimeteiy (DSC) for the 

FIG. 7 is a Wide Angle X-Ray Scattering (WAXS) of an 8-layer laminated fihn showing the 8-fold 
symmetry indicative of the retention of orientation in each ply. 

FIG. 8a depicts the results of tensile tests on (mmh) 8-layer laminated films with a draw ratio of 
2 as compared to its single ply constituents tested both with the (m m m) draw direction and in the 
(■M wmm) transverse direction. 
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FIG. 8b depicts the results of tensile tests on (■■ » h h) 8-layer laminated films with a draw ratio of 
5 as compared to its single ply constituents tested in the (mammm) draw direction. 

DESCiOPTION OF THE PREFERRED EMBODIMENTS 

The present invention relates to a high tenoperature superconductor cable which may be used in the 
shielded or unshielded form of constiiiction. There are many appKcations where both shielded and 
unshielded cables serve useful purposes, 

A modification of this embodiment is to insulate the cable with dielectrics over the high temperature 
superconductor tapes and then provide another high temperature superconductor layer over the 
dielectric. The entire cable is then either introduced into a cryostat of the type described above or 
a oryostat is constructed over the cable. This coaxial construction forces the roagnetic field to stay 
between the inner and the outer layers of high tenperature superconductor t^es. There is 
substantiallyno magnetic field outside the high temperature supe^^ tapes and therefore there 

is no eddy current in the outer metallic enclosures. Wiih this constraction very large amounts of 
current can be carried depending upon the number of tapes present in the cable. The limitation in 
this cable design is that the dielectric remains at the cryogenic temperature and a material which can 
withstand the cryogenic temperature without any physical and mechanical degradation has to be used. 
The polymeric dielectric material of one embodiment of the present invention has good physical and 
mechanical properties at Hquid nitrogen and lower temperatures. It has high dielectric strength and 
high breakdown voltage. 

Advantageously the cable of the present invention includes the use of a fleidble stainless steel 
corrugated pipo, which is optionally covered with a wire braid or mesh. Preferably, the corrugated 
pipe is drilled with holes of a size and pattern to allow the liquid nitrogen to flow into the butt gaps 
of the high temperature superconductor tapes and flood the dielectric material. The high tenq^erature 
superconductor tapes are laid in a special manner to simulate two layer construction aflowing 
maximum current to flow through the cable. 

The dielectric material advantageously consists of semi-conductive tape, aluminized shield tape, and 
polymeric dielectric tapes. A typical construction of a shielded cable is shown in Fig. 3. An 
unshielded cable can be constructed by omitting the outer layers of high tecoperature superconductor 
tapes. This cable construction is shown in Fig. 2. The present invention includes both shielded and 
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unshielded high temperature superconductor cable. The design differs from other known cables in 
the case of an unshielded cable where an extrusion of dielectric material is performed over the 
thermal insulation cryostat The prior art does not disclose any method of construction for shielded 
faighten^erature superconductor cable. 

Referring to Fig. 1, superconductor cable 10 is shownhaving flexible, evacuated double walled, outer 
pipe 11, through which liquid nitrogen, 12, flows to a chiller. Ground-potential superconductive 
shield material 17 encircles dielectric and shield layer 16, which in turn surrounds current carrying 
superconductive material 15. The flexible, porous-walled inner pipe, 13, is encircled by 
superconducting material 15 and provides a central, tube-like portion for transport of liquid nitrogen 
from the chiller. In one embodiment pipe 13 fiirther has a braided surfece that contacts 
superconductive material 1 5. 

Fig. 2 illustraies an embodiment of an unshielded cable wherein former 21 is surrounded by 
sendconductive bedding tape 22, upon which is laid superconductive tape 23. Another layer of 
semiconductive bedding tape 24 surround superconductor tape 23. Shielding layer 25 encircles 
bedding tape 24 and dielectric layer 26 surrounds shielding layer 25. Dielectric layer 26 is encircled 
by shield layer 27 which in turn is encircled by senoaconductive bedding layer 28. Bedding layer 28 
is surrounded by binder tape 29, which is encon^assed by centering ring 30, in turn surrounded by 
jacketed cryostat 3 1 . 

Referring to Fig. 3, which shows an enibodinimt of a shielded cable, jacketed cryostat 53 
encompasses centering ring 52, which surrounds binder tape 51, which in turn encircles 
semiconductEve tape 50. Tape 50 encircles superconductive tape 49, which surround semiconductrve 
bedding tenpc 48, which encon^ass shielding layer 47. Dielectric 46 encircles shield layer 45, which 
surrounds semiconductive t^e 44. SupCTConductive tape 43 encircles semiconductive bedding tape 
42, which surrounds former 41. 

The present invention relates to a cable employing an oxide superconductor conDprising a flexible 
core member, a plurality of tape-shaped oxide superconducting wires laid on said core member with 
tension of not more than about 2 kgfmm^ and a bending straii of not more than about 0.2% on the 
superconductor, wherein each tape^shaped superconducting wire consists essentially of an oxide 
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superconductor and a stabilizing metal covering the same, said pluraKty of tape-shaped 
superconducting wires forming a phirality of layers each being formed by laying said tape-shaped 
superconductiag wires in a side-by-side maimer, said plurality of layers being successively stacked 
on said core member without an insulating layer between the pluraKly of layers and the core member, 
said core member providing said superconducting cable with flexibility, said superconducting cable 
capable of maintaining a superconducting state at the temperature of liquid nitrogen, said wires 
having substantially homogeneous superconducting phases along the longitudinal direction of said 
wire, iiie c-axes of said superconducting phases being oriented substantially iu parallel with the 
direction of thickness of said wire, said superconducting wires being formed by grains aligned in 
parallel extending along the longitudinal direction of said wire, said grains being stacked along the 
direction of thickness of said wire. 

The superconducting cable advantageously has flexibility such that its superconductivity does not 
substantially deteriorate upon bending up to about 50 times the diameter of the cable. It is also 
advantageous that the core member be selected from the group consisting essentially of metals, 
plastics, reinforced plastics, polymers, and composites. One embodiment of the sup^conducting 
cable provides a core mmiber bdng a pipe having a spiral groove surface, a web shaped sur&ce, a 
mat shaped sur&ce, or a braid shaped surface on its extCTior which forms a surface for the tape- 
shaped superconducting wires. The inventive superconducting cable does not have any insulating 
layer between the plurality of layers of the tape-shaped superconducting wires. Advantageously the 
tape-shaped wires are laid on said core member with the tape-shaped plurality of layers being laid 
on the sur&ces formed by said immediately prior layer of tape-sh^ed wires. In another embodiment 
the wires ate twisted withiii said tape-sh^ed stabilizing metal covering. Advantageously in the 
supercondticting cable said tape-sh^ed wires are laid at a lay angle of up to about 90 degrees, 
advantageousj^fromabout 10 to about 60 degrees, andpreferablyfi:omabout20to about 40 degrees. 
One enibodtment of the present invention includes a superconducting cable having at least two 
distinct groups of tape-shaped wire layers. Advantageously the lay angle of each successive layer 
of tape-shaped wires altemate in lay direction or pitch; and each said successive layer consists of at 
least two tape-shaped wires. Advantageously, a layer of dielectric material separates each of the at 
least two distinct groups of tape-shaped wire layers. Preferably, a layer of dielectric material 
separates the core member from the layer of tape-shaped wires closest thereto. Advantageously, the 
dielectric material is selected from the group consisting of polypropylene, polyethylene, and 
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polybutylene. In one embodiment of the present invention the at least two distinct groups of tape- 
shaped wire layers carries approximately equal amounts of the current flowing through the cable. 
Also advantageous is where the group of tape-shaped wire layers furthest from the core member 
provides shielding of the current flowing through the oflaer layers and reduces magnetic fields or eddy 
currents in the cable. Preferably, the stabili2dng metal used in the present invention is selected from 
the group consisting of silver, silver alloys, and nickel and nickel alloys, which may require a buffer 
layer. 

Included in the present invention is an enibodiment in which each tape-shaped naultiSlameatary 
oxide superconducting wire has such a structure that is a number of filaments consisting essentially 
of an oxide superconductor contained in a stabilizing material of silver, silver alloys, nickel and 
nickel alloys. The oxide superconductor may be prepared from an oxide superconductor such as 
bismuth, strontium, calcium and copper oxide. 

Advantageously, eachof said plurality of layers contains atleast2 tape-shaped sflver contained wires 
per layer. Preferably, each of said plurality of layers contains at least 4 tape-shaped wares per layer. 
One embodiment of the present invention includes an insulating layer between the second and third 
layer of said plurality of layers. Where there are more than 4 layers, advantageously, an insulating 
layer is present between each second and third layer of said plurality of layers. 

In the inventive conductor, the core member, which is generally called a former, is adapted to hold 
the tape-shaped superconducting wires at a bending strain of the prescribed range. This former has 
a length which is required for the superconducting cable conductor, and is provided at the center of 
the superconducting cable conductor. The former is in a substantially cylindrical or spiral shape so 
that the tape wires are laid thereon, and generally has a substandally constant diameter along its 
overall length. The former can consist essentially of at least one material selected from the group 
consistiQg of metals such as stainless steel, copper, aluininum and the like and plastics, reinforced 
plastics and ceramics. 

According to the present invention, the former is preferably in the form of a tubular member having 
flexibility. It is also possible to employ a pipe having a spiral groove (hereinafter referred to as a 
spiral tube) as a former having sufScient strength and flexibility. A bellows tube having a bellows 



11 



wo 02/23557 PCT/USOl/28929 

may also be employed as a former. Further, the former can also be prepared from a spirally woimd 
material such as a spiral steel strip. Bach of these shapes is adapted to provide the former with 
sufficient flexibility. The flexible former provides the inventive conductor with flexibiEty. The 
flexible conductor of the present invention can be taken up on a drum 

When practicing the present invention, it is possible to lay or wind several tq)e-shaped 
multifilamentary superconducting wires on the former. The tape wires may be laid in two or more 
layers while directing a surface thereof to the former. Each layer may be formed by an arbitrary 
number of the tape wires. When several tape wires are laid on the former in parallel with each other 
so that the surfece of tiie former is filled up wifli the tape wires, additional tape wires are further 
wound thereon. When a sufScient number of tape wires are wound on the first layer of the tape wires 
as a second layer, a third layer of tape wires are then wound thereon. No insulating layer is provided 
between each adjacent pair of layers. 

In the present inventive method, each tape-shaped multifilamentary oxide superconducting wire is 
laid or wound on a former having a prescribed diameter at a baidrng strain or a curvature of a 
jprescribed range and a pitch of a prescribed range. A relatively loose bending is applied to the tape 
wire along its longitudinal direction. The tape wire which is wound on the former is bent at a 
bending sixain of not more than 0.4%, preferably not more than 0.3% . SuperconductivLty of the tape 
wire is not substantially reduced upon bending at abending strain of such arange, as con5)aredwith 
tbat in a linear state. 

The present invention it is preferable to adjust the pitch and the diameter of the former so that the 
bending strain of the superconductive wire is not more than 0.2%. Each tape-shaped 
multifilamentary oxide superconducting wire is preferably wound on the former with tension of not 
more than 2 kgKmm.'^ in a range of 0.5 to 2 kgfi'inm"^. 

Ihe core member (former) can be formed by eith^ an electric insulating material or an electric 
conductor. The electric insulating material is preferable in consideration of reduction in AC loss, 
while a metal which is a conductor is preferable in consideration of strength. A metal pipe having 
a spiral groove or a metal bellows tube may be used as the core memb^ for providing the conductor 
with flexibility while roaintaining constant strength. A metal core member can also be employed for 
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safety in the case of an accidental ahnonnal current. In this case, it is possible to set optimum 
resistivity of the core mernber in consideration of AC loss of the conductor and the core member for 
the abnormal current 

When a metal pipe, which optionally may have a spiral groove, or a metal bellows tube is erc5)loyed 
as the core member, the conductor can fiirther comprise a metal tape which is laid or wound on the 
core metziber, and dielectric tape which is laid on a the outside surface of the metal tape. The metal 
tape can form a smooth surface for covering any grooves of the core member so that the 
superconducting tapes do not buckle. It is possible to cover any grooves while maintaining flexibility 
of the core member by laying the metal tape. 

According to the present invention, it is possible to enploy tape-shaped multifilamentary wires each 
having twisted filanoents . The filantients forming a superconducting multifilamentary tape are twisted 
at a prescribed pitch. Due to such twisting of the filamimts, an induction current flovsdng between 
a stabilizing metal and the filaments is parted ev^ twisting pitch into smaSL loops, and hence the 
value of the current is limited. Thus, generation of Joule heat is supx^essed in the stabilizing metal 
and AC loss is reduced as compared with a superconducting wire having untwisted filaments. 

The superconducting cable conductor according to the present iavention has such flexibility that its 
superconductivity is substantially not deteriorated also when the same is bent up to 50 times the 
diameter of the cable. This conductor can be wound on a drum, to be stored and/or transported. 

The present invention also makes it is possible to provide a long oxide superconducting cable 
conductor having flexibility as well as excellent superconductivity. In the present invention, an eddy 
cuirent or a coupling current transferred between and flovdng across the superconducting tapes is 
suppressed by the second or subsequCTt layer of tube-shaped superconductive wires which is 
provided according to one embodiment of the present invention. The present invention provides a 
practical AC superconducting cable conductor. 

Advantageously the superconductor material is a granulated ceramic inserted into a silver tube which 
is then drawn to about 1 to about 2 mm. A number, depending on the desired capacity of the final 
cable, of these small drawn tubes are then inserted into a silver tube which is drawn to the desired 
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size for use. Optionally, such tube may first be cut into sections and thea added to the second silver 
tube before drawing. This thin, silver, flat tape-shaped material is from about 80 to about 60 percent 
silver and about 20 to about 40 percent ceramic by weight, advantageously, about 65 percent silver 
and about 35 percent ceramic. 

The present invention also relates to a novel process or method which produces polymeric tapes 
suitable for use in a cryogenically operated superconducting power cable and the tap^ so produced 
The processing includes biaxially orienting either a polyethylene, polypropylene, or polybulylene 
fihn which has a maxnnum dielectric constant of about 3.0 and embossing said fihn with a random 
pattern. The combination of low dielectric constant, biaxially oriented, embossed film yields a 
polymeric material which overcomes the problems of brittleness, crazing, and excessive shrinkage 
which renders polymeric materials produced by known processes unusable in cryogenically operated 
power cable systems. In addition, the embossing of the film permits the relatively free ftow of 
dielectric fluid witibiu the cable. 

The polyolefin sheet stock is biaxially oriented before use in the cable of the present invention. This 
involves stretching the sheet to a draw ratio of between about 5 to 1 and about 10 to 1 in the length 
direction and also orienting the sheet across their width. 

The sheet, and tapes obtained therefrom which results from processing polyolefin stock to 
appropriate draw ratios has numerous qualities which make it superior for cable manufacture. To 
reduce the tape's tendency to fibrillate, to spUt over its entire length along a single tear, fijrther 
processing is desirable. This processing involves a biaxial orientation in tiie direction across the 
sheet. This orients the sheet to a ratio of up to about 50% in the cross-sheet direction, and produces 
tape which is suflScientiy biaxially oriented to satisfectorily limit the tendency to fibrillate. 

The polyethylene, polypropylene and polybulylene t^es produced from the processing noted above 
are embossed with a particular pattem under specific conditions to assure proper cable in:q)regnation 
and heat transfer. The enibossing pattem consists of random or irregular channels, primarily directed 
in the cross machine direction. The tapes are cut from or otherwise obtained from the oriented sheet 
and may be used as single or multiple layer or laminate tapes. 
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At the same time the pattern, while it may permit some impregnant flow in both the machine and 
cross-tape direction, fevors cross-tape flow and flow between butt gaps because such flow enhances 
itnpregnation from layer to layer and encourages heat transfer by convection. The cable itself is 
constructed of multiple layers of polyolefin tape, either polyethylene, potybulylene or polypropylene. 
To facilitate cable bending, different widths of polyolefin tape may be used in Hie layers. The sizes 
may progress to larger widths with increased distance from the conductor of the cable. 

The polyethylene, polypropylene, or polybutylene film of the present invention has a dielectric 
constant no greater than about 3.0, with about 23 being the preferred maximum. The first processing 
step consists of biaxial orientation, or drawing, advantageously at a ratio of from about 5 : 1 to about 
6:1 in the machine direction and up to about 2:1 in the cross machine direction. Following 
orientation, the oriented tape is embossed at a temperature of from about 80^*0 to about 140 ""C, 
which produces on the t^e a pattern consisting of irregular or random channels primarily directed 
in the oross machitie direction. 

Polymmc tapes which have not undergone the novel processing steps described above have several 
inherent problems which make them unusable in cryogenically operated superconducting power 
cable systems. For exan^le, in a liquid nitrogen environment at 77 °K, most polymeric tapes become 
glass hard. This will lead to either tensile failure due to thermal contraction exceeding the inherent 
elongation or to simple disintegration of the tape. Another problem is crazing in liquid nitrogen. 
Liquid nitrogCTi, with a boiling point of 77^'K:, is known to be a powerfid crazing agent for polymers. 
Crazing usually leads to stress cracking and ultimately fracture of the tape. The biaxial orientation 
process described above overcomes these problenos of brittlraiess, excessive shrink^e, and crasang. 

Many polymers edbibit two distinct modes of yielding. One type of yielding involves an applied 
shear stress, although the yield phenomenon itself is influenced by the normal stress coirponent 
acting on the yield plane. The second type of yielding involves yielding under the influence of the 
largest principal stress. This type of yielding is frequently referred to as crazing, or normal stress 
yielding. Crazing can be induced by stress or by combined stress and solvent action. It shows 
generally similar features in all polymers in which it has been observed. Crazing appears to the eye 
to be a fine, microscopic network of cracks almost always advancing in a direction at right angles 
to the inaximum principal stress. Crazing generally originates on the surfece at points of local stress 
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concentration. In a static type of test, it appears that for crazing to occur the stress or strain must 
reach some critical value. However, crazing caa occur at relatively low stress levels under long-tine 
loading. 

It is known firom extensive electron microscopic examination of crazed areas that molecular chain 
orientation has occurred in fhe orazed regions and that oriented fibrils extend across the craze 
surfaces. 

To aid in the construction of the cable the otherwise highly transparent polyolefin insulating tape 
advantageously is produced wilh coloring added. This technique adds significantly to the ability to 
make a useable cable, because the operator must properly index each subsequent spiral layer of tape 
with the inamediate previous layer. When taping with the typical extremely clear and transparent 
polyethylene, polybutylene or polypropylene tape, the operator is unable to distinguish the butt gaps 
of fhe immediate previous layer from other butt gaps as &r as eight or ten tape layers beneath. The 
addition of selected color dyes in specific quantities adds enough color to the t^e to permit the 
operator to easily distinguish the edges, the butt gesps, of the immediate previous layer of t^e firom 
those of the earlier layers because the darkness of the color increases significantly with each layer. 
This coloring agent is selected so as to minimize any increase in dissipation factor of the original 
material 

The width of the tapes may vary; narrow near the conductor and wider at the outside. The direction 
of lay may also be reversed at a certain radial thickness, a &ctor which depends on the design of the 
taping machine. 

The dielectric tapes may be wound in overlapping spiral layers so that each butt gap between spirals 
of the same layer is offeet firom the butt gap of the layer below. This construction is fecilitated by 
the production of the insulating tape containing color. 

Polyolefin tapes such as polyethylene, polybutylene and polypropylene, when highly oriented as 
required for the present invention, are transparent. This clarity becomes a disadvantage when the butt 
gaps of many layers show through to the surface of, the cable very clearly. The operator then has 
difficulty distiiguishing the butt gap of the immediate previous layer, firom which each new butt gap 
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must be offset, from other butt gaps deeper withia the cable. 
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The tape of the present mvention therefore has a color componeat added to it so that the deeper a 
layer is within the cable, the darker it appears. Organic dyes may be used to produce this color 
because these organic cotnpounds, unlike inorganic metal salts, have less detrimental effect on. the 
loss tangent and permittivily of the tape. 

Since a balance between the needed color and effects on the electrical characteristics must be struck, 
organic dyes are added in the proportions ranging between 100 to 1000 parts per million. 

This results in a reduction in the light transnoission of the tape to 10 to 50 percent of the original 
transmission. When the tape is used on a cable this reduces the visibilily to one to four layers, 
whereas without color, butt gaps as deep as eight to ten layers within the insulation are, still visible. 

Orientation is accomplished in the machine direction by stretching or tentering of the sheet to 
produce a thickness reduction ratio of between 5 to 1 and 10 to 1. 

The thickness reduction ratio is in fact a measurement of the linear sheet orientation and is an 
indication of the changing tensile characteristics of the polymer. The process is advantageousfy 
performed at temperatures of between about 80**C and about 140°C. 

The sheet is also processed to orient it in the aross-sheet direction to a reduction ratio of up to 50%. 
This is necessary because without such processing polymers tend to fibrillate, that is, to separate into 
individual fibers across their width and cause the tape to split lengthwise. 

Polyolefin tapes resulting from the processing specified above, however, have a tensile modulus of 
at least 250,000 psi in the length (machine) direction, and meet all the criteria required for cable 
manufacture. 

The tensile strength attained by the tapes through the processing is not only an indication of the 
resistance to deterioration, but also a necessity for the use on cable taping machines. Tapes 
processed as described above can therefore be used on conventional cable making machines with 
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Before final construction into a cable, the polyolefin tape is embossed to furnish spacing between 
the tape layers which will facihtate relatively free flow of inqpregnants within the cable to enhance 
heat transfer. 

These goals are accotoplished by a specific enibossing technique. The tape is etnbossed 
advantageously by rollers, A typical pattern of embossing is shown in PIG. 4 which is a top view 
of a siDall section of tape 60 with valleys 61 in the pattern shown as dark lines. 

The embossing pattern is characterized as irregular and preferentially permitting cross-tape flow of 
impregnant as opposed to flow along the length of the tape. The pattern of irregular valleys running 
essentially across the tape width as seen in FIG. 4 meets these criteria and, unlike a pattern of regular 
grooves or channels, it can not interlock adjacent tape layers. Non-uniform and irregular patterns 
therefore assurethatfhe various tape layers can naovesnaall distances relative to each other and yield 
the degree of flexibility required to manu&cture and install the cable. 

The cross-flow favoring pattern provides heat transfer and impregnation capabilities for the cable. 
Although it is well understood that polymers are not permeable, the mechanism available for 
impregnation aud heat transfer in the present cable does not depend upon the permeabiHty of the 
material itself. 

The embossed pattern is mch that it can increase the effective tape thickness, that is, the peak to peak 
thickness may be twice the distance of the original tapo thickness. The tape is then compressed 
during winding. Embossing is accomplished by rollers which cause a depression in one sur&ce of 
the tape and a protrusion in the other surface. Once wound into a cable, these sur&ce irregulaiities 
separate the tape layers; but since the pattern fsvots aaross-the-tape flow, impregnants need only 
flow, at the most, one-half the width of the tape to or firom a butt gap where it can then progress to 
the next space between the tapes. This results ia a relatively short path from the outside of the cable 
to the conductor. 
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Two typical patterns of embossing are: a coarse pattern with a typical 0. 1mm noid-height width of 
the valleys and a typical 0.23tnm spacing between adjacent peaks; and a fine pattern with typical 
0.025mm mid-height valley widths and lypical 0.05mm spacing between peaks. 

The availability of embossing patterns ranging firom coarse to fine allows the cable designer to strike 
a compromise between heat ttansfer and operating stress. The coarse pattern provides the best heat 
transfer with some reduction in operating voltage stress compared to the fine pattem and vice versa. 

One embodiment of the present invention is a process by which semicrystalline polymers are solvent 
welded using supercritical carbon dioxide. The carbon dioxide acts as a reversible plasticizing agent 
and does so without intemipting the polymer's morphology or crystal stracture. The inventive 
process can solvent weld highly oriented LLDPB fihos into a quasi-isotropic laminated film. The 
mechanical properties of these films were examined and characterized via tensile tests and tear 
resistance tecliniques, and in all cases the laminates showed increased properties in all directions as 
compared to unoriented IXDPE films. There is a synergistic increase in tear resistance of the 
laminates as conipared to the single oriented films. 

The present invention includes a method of fabricating quasi-isotropic laminated films firompolymer 
films which allows the laminated film to substantially retain the physical and mechanical properties 
of the U3alaminated film comprising the steps of providing at least two films of a polymer to be 
laminated; inserting the films into an apparatus adapted to exert force on the films surfaces and to 
allow contact of the films by a supercrftical fluid; bringing the surfeces to be laminated of each of 
the fihris into contact; exerting a force on the films thereby urging the fihn surfaces into contact; 
contacting the films with a supercaitical fluid while the film surfeces are under the exerted force, and 
allowing the films under the exerted force to remain in the presence of the supercritical fluid for a 
time and at a temperature sufficient to laminate the surfaces. Advantageously, tiie polymer is 
selected firom the group consisting of low density and high density polymers. More advantageously, 
the polymer is selected from the group consisting of poly alkyls having firom 2 to 6 carbon atoms. 
Further, the polymer may be linear or branched. The present invention includes films of the same 
polymer and films of different polymers. Advantageously, the apparatus used is essentially air tight. 
Preferably the fiW of thfe invention are orientedbefore being brought into contact. Advantageously 
the supercritical fluid allows chemical reactions between the polymers of the films. Preferably the 
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supercritical fluid only permeates the amorphous regions of the polymer and most preferably the 
superaitical fluid dissolves the amorphous regions of the polymer. The most preferred supercritical 
fluid is CO2. In the method of the present invention the physical and mechanical propesrties of the 
resulting laminated fihn may exceed the physical and mechanical properties of the non-laiEiinated 
polymer films. The most preferred polymer used in the present invention is a low density 
polyefliylene. 

The present invention includes the method of fabricating quasi-isotropic laminated films from 
polymer films which allows the laminated film to substantially retain the physical and mechanical 
properties of the unlaminated film coniprising the steps of providing at least two films of a polymer 
to be laminated; providing an enclosed means adapted to exert a force on a fihn's surface; inserting 
the films into the enclosed means; bringing the surfaces to be laminated of each of the filmg into 
contact; exerting a force on the films thereby urging the fihn surfeces into contact; contacting the 
films with a supercritical fluid while the fihn surfeces are under the exerted force, and allowing the 
films under the exerted force to remain in the presence of the supercritical fluid for a time and at a 
tenofperature sufficient to laminate the surfaces. 

•This invention fiirther includes laminated films produced by the above methods. Advantageously 
the laminated films produced by the present method have firom 2 to 1 6, preferably from 2 to 8, layers 
of polymer film. 

In the present invention the laminated films were processed in a high pressure apparatus, shown on 
Figure 5, specifically designed to allow the application of force to the san5)les while in the presence 
of SC CO2 under controlled temperature. The apparatus was machined firom 316 stainless steel and 
mounted in a PHI hydraulic press. Coleman grade CO2 was supplied via an inlet port on the 
apparatus by a Hydro-Pac, Inc. high pressure carbon dioxide pump and filtered through activated 
carbon and a drying agent. The CO2 pressure was controlled via a Tescom ER3000 electronic 
pressure regulator with a computer interface. The ER3000 allows for exact conlxol of CO2 pressure 
as well as rate of pressurization or depressurization. Thermocouples penetrate the body of the 
apparatus and are connected to an Omega PID temperature controller. Unless otherwise specified, 
all laminated fihns were processed with an initial normal force of 20,000 lbs 1600psi) and a CO2 
pressure of 1 500 psi The temperature was ramped firom 23**C to 95 ^ C over a period of Ih, then 
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cooled to 23°C overnight while depressurizing at a very slow rate. Bight (8)-ply quasi-isotropic 



lacainated fihns were welded in a (0,45,90,-45)28 lay-up sequence. This configuration produces a 
symmetric quasi-isotropic laminated film. 

LLDPB (30% crystalline by Differential Scanning Calorimetery, DSC) was obtained in the form of 
a 76 Mm thick film. These are metallocene films with an M„ of 1 18,400 and a Polydispersity ladex 
(PDI) of 2.79. The fihn originally has a minimal Hermans orientation function value in the machine 
direction of 4.28 x 1 0"^ as based on measured birefiingence and a maximum theoretical birejfringence 
of 0.06 for LLDPE. The as received fihn was oriented further by subsequent drawing at either 127 
mm/min or 380 mm/min to a draw of either two or five respectively. The Hermans orientation 
function value after drawing was determined botii via birefiingence and wide angle X-ray scattering 



Adhesion measurements ware made using a 90** Peel Test geometry on an Instron model 1 123 with 
a lOON load cell. Test specimens were 2.54 cm wide and the test rate was 50 mm/min. The tear 
resistance of the laminated films was evaluated using a single specimen J^^- The J values were 
calculated as follows: 



where B is the thickness of the film, a is the crack length and U is the strain energy. The strain 
energy for the system was calculated fi:om the load vs. displacement curve. J^c is then defined as the 
critical enwgy at which crack propagation first occurs, this value is determined by extrapolation of 
the linear portion of the J vs. crack length curve to zero crack length. 

The single specimen J^c is a desirable test because of tiie limited number of sainples available for 
testing. The applicability of the single specimen J^q to these thin polymer films is investigated by 
comparing results of single plys obtained using the Method of Essential Work, Mai, Y. W.; Cotterell, 
B.; Horlyck, R.; Vigna, G. PolymEng Sci 1987, 27, 804-809 and Mai, Y.W.; Powefl, P.J PolymSci 
PartB 1991,29,785-793. The method of essential work is calculated as follows 



(WAXS). 




(1) 



(2) 
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where p is a shape factor of the outer plastic zone which depends on the specimen geometry, / is 
ligament length, Wp is the energy for plastic deformation and Wg is the energy for elastic deformation. 
Therefore, from a plot of specific total fracture work vs. ligament length for several specimens one 
can determine Wg, a material constant. Although the Method of Essential Work has a more sound 
theoretical footing for Ihese typw of fihns, the drawback is the need to prepare up to ten id^tical 
specimens with varying ligament lengths. 

Tear properties were tested in a center notch Mode I geometry with an Instron model 441 1 with 
either a 1 OON or 5kN load ceD. at a rate of 2 mm/win. Puncture behavior was measured on an Instron 
Dynatup lirqpact test machine fitted with a 6.3 mm tup. The impact zone for the puncture tests was 
a 3.8 mm diameter circular region. Crystallinity was determined via DSC using 5mg samples at a 
heating rate of lO^Cymin. Birefimgence measurements were made on an Olyrrpus polarizing 
microscope equipped with a U20X Berek coixpensator. The retardation was measured by using the 
U-CTB Berek con^ensator. Wide angle X-ray scattering (WAXS) was measured on a GADDS 
instrument. Hermans Orientation Function Values were calculated for the birefiingence data as 
follows: 

where ah is the measured bireftingeace and An^ is ihs theoretical maxfrmim birefiiiigeDce for the 
tnateriaL Hie Heamns Qrientation iiuiction for the WAXS was calculated by: 

^ 3<Cos^6>-l 

f <'^> 

where <cos^<|» is the average angle that the chains make with the director, which is the average 
direction of orientation of the chains. The Hermans Orientation Function has values Ifrom — 1/2 to 
1 , 1 being perfectly oriented, 0 being without orientation, and — 1/2 being orientation perpendicular 
to the director. 



Various aspects of the SC CO2 welding technique were investigated including the effect of SC CO2 
on morphology and crystal structure. The effects of temperature and presence of SC CO2 are related 
to strength of adhesion. The mechanical properties of some quasi-isotropic laminates are also 
discussed in some detail. 
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In order to identify appropriate solveat welding conditions, preliminary studies were conducted to 
characterize the effect of SC CO^ immersion time on film morphology. Highly oriented single films 
(DR2 or DR5), where placed in SC CO2 at elevated temperatures for 1.5h and the Hermans 
orientation measured via hirefringence and WAXS before and after (Table 1). As evidenced by the 
data in Table 1 Ihere was essentially no difference in the molecular orientation before and after 
treatment with SC CO^ at 95*»C. 

SC CO2 has been reported to induce annealing of crystallites in some semi-crystalline polymers such 
as PET, therefore it was necessary to evaluate any effect of SC CO2 on the crystal structure of the 
LLDPE. In order to quantify any effects on the crystal structure of LLDPE a series of DSC 
e35)eriments were conducted as shown in Figure 6. Table 2 gives the percent crystallinity for each 
experinient as well as the melting ten5)erature. 

As illustrated by Table 2 there was no effect on eilherthepercent crystaDimly or the melt tempera^ 
in SC CO2 at 95*'C for 1 .5h. However some annealing effects do occur at esctremely long exposure 
times. The dual melting peak in the as received LLDPE has been attribut^^ segregation of chairs 
which do not have truly random distributions of chain branches either intra- or inter- molecularly. 
This minor peak disappears after drawing, evidence of the destruction and reformation of crystallites 
during the drawing process. This minor peak is seen to reappear when the drawn films are melted 
and reanalyzed. 

The melting tetcperature of LLDPE is 1 18^C by DSC. When fiOms are processed as described above 
it is apparent that no adhesion is measurable b^een films at temperatures below SS^'C in either 
normal melt pressing conditions, or in the presence of SC CO^. However as the tetnperature is 
increased above 85^C the adhesive strength increases between the fihns. The increase in adhesion 
with tempearature is considerably fester in the presence of SC CO2, this allows attainnaent of higher 
adhesion values at a given temperature. The ability to attain this adhesion at teo^jeratures below the 
melting temperature allows for the retention of the original morphology and crystal sttucture after 
processiug. 
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Wide angle X-ray scattering was perfomaed on both the feminated films as well as the single plys. 
Sonae results of the orientation calculations have been mentioned earlier. The d spacings are 
consistent with the standard orthorhombic unit cell of LLDPE. For the DR2 films only the 1 10 and 
the 200 reflections are discemable. The WAXS pattern for the laminated film shows the 8 fold 
symmetry indicative of its quasi-isotropic nature (Figure 7). The conteibation &om each individual 
oriented fihn was apparent which is further evidence of the retention of morphology in Urn process. 

Results of tensile tests on the laminated Skns were compared to the oriented individual plys with 
their orientation perpendicular and parallel to the load direction (Figures 8(a), 8(b)). The laminated 
fihns gave similar results for all testing directions, Le., transvearaely isotropic. The results of these 
tests are summarized in Table 3 . The initial modulus for the laminated fflms are only slightly higher 
than the parallel individual ply, while the strain to failure is significantly higher. The total strain 
energy density at failure is also significanliy higher, being 56% higher than the strain energy density 
of tibe parallel film. Data for bolii the draw ratio 2 and tibe draw ratio 5 fihns are presented in Figures 
8a and 8b. The draw ratio 5 films show a significant imarease in modulus over the draw ratio 2, as 
is expected, while the strain energy density to feihire is decreased, due to a significantly decreased 
strain to feihire. In all cases feilure occurred without delamination of tiie laminated films. 

The muM-specimen Method of Essential Work is a solid theoretical basis for the calculation of tear 
resistance in polymer films, a single specimen ^proach is preferred so as to limit sample 
preparation. Yiu-Wing Mai and Powell, Mai, Y.W.; Cotterell, B.; Horlyck, R.; Vigna, G. PoIymEng 
Sci 1987, 27, 804-809 and Mai, Y. W.; Powell, P. JPolymSciPartB 1991, 29, 785-793, and others 
have conducted studies directed toward comparing the results of the Method of Essential Work to 
a single specimen and have attained good agreement The Method of Essential Work and the 
single specknen were studied as they pertain to highly oriented LLDPE fihns in order to assess 
the practicality of using the single specimen Jic to characteri2» quasi-isotropic laminated fihns. The 
LLDPE single fihns ware tested in a cmter notch mode I geometry. Three specimen types were 
tested, the unoriented fiOhtn, and the highly oriaated single ply with orientation perpendicular and 
parallel to the load direction. These tests were all conducted on fihns with draw ratio 2. The results 
of these tests are listed in Table 4. It is apparent that orientation in polymer films has a profound 
effect on tear resistance. The films witiii orientation parallel to the load direction (crack growth 
perpendicular to orientation), have quite high tear resistance. However for the fihns with orientation 
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transverse to the load (crack growth parallel to orientation), there is almost no resistance to crack 
growth. It is apparent from these studies that in order to resist tear in these oriented films a 
composite of these two geometries must be created, so as to improve the properties of the films 
overall. 

The data herein suggests a good agreement between the single spedbmen Jiq and Method of Essential 
Work for the single plys, therefore a Jic analysis is appropriate for the 8 ply laminated films. 



Table !• Degree of orientation for the as received film, drawn film (DR2), and 
for the drawn film after exposure to Supercritical CO2 




Temperatiire 



Btrefiringence 



WAXS 



As received 



2.57x10-'' 



-0 



-0 



As drawn DR2 



0.029 



0.48 



0.32 



DR2 after 95°C 0.030 
(l.ShinSCCOj) 



0.50 



* Hermans Orientation Fonction Value 
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Table 2. Percent crystallimly and melting temperature for the as received films, 
Drawn films (DR2) and drawn fHms exposed to Supercritical COg, 



Sample 


Tm 


Percent Crvstallinity 


As recdved 


119.75 


29.5 


As drawn DR2 


117.23 


38.4 


DR2 1.51i@95»CinC02 


117.22 


38.4 


DR2 19ha75»C iii CO, 


117.05 


37.1 
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Table 3. Mechanical data from tensile tests on the single plys and the 

laminated films. 



Smaple 


Modulus 
(MPa) 


Strain to FaUure 
(mm/mm) 


Stress at 
FaUure (Mpa) 


Strain Energy 
Density (kJ/m^) 


DR2 transverse 
Single Pty 


42 


— 






I>R2 Parallel 
Single Ply 


52 


3.2 


48.6 


102.3 


DR2 Laminated 
Film 


57 


6.9 


33.2 


159.1 


DR5 Parallel 
Single Ply 


230 


1.0 


157 


61.9 


DR5 Laminated 
FUm 


152 


1.5 


77 


66.1 
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Table 4. Comparison of the Method of Essential Work to the Single Specimen 
Jic for the sin^ plys (transverse and parallel) and the as received fihn 



Snecimen 


r 






Transverse 


0.5 


8.9 


0.5 


As received 


-0 


40.3 


47.97 


Parallel 

* --^ ^ . ... . . - 


0.5 


205.7 


195.83 



* Hermans Orientation Function Value 



Although the present invention has been described and illustrated in detail, it is clearly understood 
that the same is by way of illusteation and example only and is not to be taken by way of limitation, 
the spirit and scope of the present invention being limited only by the terms of the upended claims. 



28 



wo 02/23557 PCT/USOl/28929 
What is claimed is: 

1. A cable en^iloying aa oxide superconductor, coii?)rising: 
a flexible core metnber; 

aplurality of t^e-shaped oxide siq)erconducting wires being laid on said core member ^th tension 
of not more than 2 kgfnmf wherein each t^e-shaped superconducting wire consisting essentially 
of an oxide superconductor and a stabilizing metal covering the same, 

said pluraUty of tape-shaped superconducting wires forming a plurality of layers each being formed 
by laying a plurality of said tape-shaped superconducting wires in a side-by-side nranner, 

said phirality of layers being successively stacked on said core member without an insulating layer 
between the plurality of layers and the core mentiber, 

said core member providing said superconducting cable with flexibility, 

said superconducting cable capable of maintaining a superconducting state at the temperature of 
liquid nitrogen, 

saidwires having substantially homogeneous superconducting phases along the longitudinal direction 
of said wire, 

the c-axes of said superconducting phases being oriented substantially in parallel with the direction 
of thickness of said wire, 

said superconducting wires being formed by grains aligned in parallel extending along the 
longitudinal direction of said wire, 

said grains being stacked along the direction of thickness of said wire. 

2. The superconducting cable of claim 1 having flexfliility such that the superconductivity of said 
cable does not substantially deteriorate upon bending up to about 50 times the diameter of the cable. 
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3. The superconducting cable of claim 1, wherein said core member is selected from the group 
consisting essentially of metals, plastics, reinforced plastics, polymers, and coniposites. 



4. The superconducting cable of claim 1, wherein said core merdber is a pipe having a surface 
selected froma spiral groove surface, a web sh^ed surface, abraid surface, andamatsh^dsurfece 
on its exterior which forms a surface for the tape-shaped sixperconductiug wires, 

5. The superconducting cable of claim 1, wherein an insulating layer is not present between the 
plurality of layers. 

6. The superconducting cable of claim 5, wherein after the first layer of tape-shaped wires are laid 
on said core member tiie subsequent tape-shaped plurality of layers are laid on the surfaces formed 
by the immediately prior layer of t^e-shaped wfres. 

7- The superconducting cable of claim 1, wherdn said wires are twisted within said t^e-shaped 
stabiliziag metal covering. 

8. The superconducting cable of claim 1, wherein said tape-shaped wires are laid at a lay angle of 
up to about 90 degrees, 

9. The superconducting cable of claim 8, wherein said tape-shaped wires are laid at a lay angle of 
from about 10 to about 60 degrees. 

10. The superconducting cable of claim 9, wherein said tape-shaped wires are laid at a lay angle of 
from about 20 to about 40 degrees. 

11. The superconducting cable of claim 1, ftiriher including at least two distinct groups of tape- 
shaped wire layers. 

12. The superconducting cable of claim 1 1, wherein the lay angle of each successive layer of tape- 
shaped wires alternate in lay direction or pitch. 
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13. The superconducting cable of claim 12, wherein each said successive layer consists of at least 
two tape-shaped wares for a construction of four or more even layers. 

14. The superconducting cable of claim 1 1 , wherein a layer of dielectric material separates each of 
the at least two distinct groups of tape-shaped wire layers. 

15. The superconducting cable of claim 11, wherein a layer of dielectric material separates the core 
meiriber from the layer of tape-shaped wires closest thereto. 

16. The superconducting cable of claim 14, wherein the dielectric material is selected from the group 
consisting of polypropylene, polyethylene and potybutylene. 

17. The superconducting cable of claim 1 1 , wherdn the at least two distinct groups of tape-shaped 
wire layers carries approximately equal amounts of the current flowing through the cable. 

18. The superconducting cable of claim 11, wherein the first of the two distinct groups of tape- 
shaped wire layers carries greater than 50 percent of the current flowing through the cable. 

19. The superconducting cable of claim 1 1 , whereia the second of the two distinct groups of tape- 
shaped wire layers carries greater than 50 percent of the current flowing through the cable. 

20. The superconducting cable of claim 17, wherein the group of tape-shaped wire layers ftirfhest 
from the core mmiber provides shielding of the current flowing througji the other layers and reduces 
naagnetic fields or eddy currents in the cable. 

2 1 . The superconducting cable of claim 1 , wherein the stabilizing naetal is selected from the group 
consisting of silver, silver alloys, nickel and nickel alloys. 

22. The superconducting cable of claim 1, wherein each of said plurality of layers contains at least 
2 tape-shaped wires per layer. 
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23. The superconducting cable of claim 1, wherein each of said plurality of layers contains at least 
4 tape-shaped wires per layer. 



24. The superconducting cable of claim 23, including an insulating layer between the second and 
third layer of said plurahty of layers. 

25. The superconducting cable of claim 23, including an insulating layer between each second and 
third layer of said pluralily of layers. 

26. The superconducting cable of claim 14, wherein the dielectric materialhas a mayimnm dielectric 
constant of about 3.0. 

27. The superconducting cable of claim 26, wherein the dielectric materialhas a maximum dielectric 
constant of about 2.3. 

28. The superconducting cable of claim 14, wherein the dielectric material is biaxially oriented at 
a ratio of from about 5: 1 to about 10: 1 in the machine direction. 

29. The superconducting cable of clabn 28, wherein the dielectric material is biaxially oriented at 
a ratio of from about 5: 1 to about 6: 1 in the machine direction. 

30. The superconducting cable of claim 28, wherein the dielectric material is frirther biaxially 
oriented up to about 2: 1 in the cross machine direction, 

31. The superconducting cable of claim 28, including embossing the biaxialty oriented dielectric 
material so as to form irregular and/or random channels therein. 

32. The superconducting cable of claim 31, wherein the dielectric material is embossed with 
channels having a depth of from about 0.5 to about 2 ml. 

33. The superconducting cable of claim 31, wherein tbe enabossing is performed by a roller at a 
temperature from about 80°C to about 140*^0. 
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34. The superconducting cable of claim 30, wherein the dielectric tape is embossed in a pattem 
which preferentially permits in^regnant flow across the tape width. 

35. The superconducting cable of claimSl, wherein the dielecteic tape is endbossedin apattem of 
irregular hflls and valleys runnmg across the tape. 

36. The superconducting cable of claim 14, wherein the dielectric tape is produced from material 
which contains organic color dye in a quantity within the range of 100 to 1000 parts per milHon. 

37. The superconducting cable of claim 31, wherein the dielectric tape is embossed in a pattem 
which increases the effective tape thickness. 

38. ThesuperconductingcableofclaimSl, wherein the dielectric tape is embossed in a pattem with 
up to about 0.2rmn spacing between the adjacent peaks. 

39. The superconducting cable of claim38, wherein the dielectric tape is embossedinapattem with 
up to about 0.05mm spacing between peaks. 

40. The superconducting cable of claim 14, wherein the dielectric tape has a tensile modulus of at 
least 250,000 psi. 

41. A method of febricating quasi-isotropic laminated fflms from polymer films which allows 

the laminated fihn to substantially retain the physical and mechanical properties of the unlaminated 
film con5)rising the steps of: 

a. providing at least two films of a polymer to be laminated; 

b. inserting the films into an apparatus adapted to exert force on the films 
surfaces and to allow contact of the films by a supercritical fluid; 

c. bringing the stirfaces to be laminated of each of the films into contact; 

d. exiting a force on the fiteis thereby urging the film surfaces into contact; 

e. contacting the films with a supercritical fl.uid while the fihn surfaces are 
under the exerted force, and 
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f allowmg the films tmder the exerted force to remain in the presence of the 
supercritical fluid for a time and at a temperature sufficient to laminate the 
surfaces. 

42. The method of claim 41 wherem the polymer is selected from the group consisting of low 
density and high density polymers. 

43. The method of claim 42 wherein the polymer is selected from the group consisting of poly 
alkyls haying from 2 to 6 carbon atoms. 

44. The method of claim 42 wherein the polymer is linear. 

45. The inethod of claim 42 wherein the polymer is branched. 

46. The method of claim 41 wherein the films are of the same polymer. 

47. The n[iethod of claim 41 wherein the films are of diGferent pol^m^s. 

48. The method of claim 41 wherein the apparatus is essentially air tight. 

49. The method of claim 41 wherein the films are oriented before being brought into contact. 

50. The method of claim 41 wherein the supercritical fluid allows chemical reactions between 
the polymers of the films. 

51. The method of clahn 50 wherein the supercritical fluid only permeates the amorphous regions 
of the polymer. 

52. The method of claim 51 wherein the supercritical fluid dissolves the amoiphous regions of 
the polymer. 

53. The method of claim 5 1 wherein the supercritical fluid is COg. 

34 



wo 02/23557 PCT/USOl/28929 

54. The method of claim 4 1 wherein the physical and mechanical properties of the resulting 
laininated film exceed the physical and mechanical properties of the non-laminated polymer fOms. 



55. Hie method of claim 43 wherein the polymer is a low density polyethylene. 

56. A method of fabricating qaasi-isotropic laminated fiBms from polymer fiSnas which allows 
the laminated film to substantially retain the physical and mechanical properties of the unlaminated 
film comprising the steps of: 

a. providing at least two films of a polymer to be laminated; 

b. providing an enclosed means adapted to exert a force on a film's surface; 

c. inserting the films ixAo the enclosed means; 

d. bringing the surfaces to be laminated of each of the films into contact; 

e. exerting a force on the films thereby urging the film surfaces into contact; 

f. contacting the films with a supercritical fluid while the film surfeces are 
under the exerted force, and 

g. allowing the films under the exerted force to renaain in the presence of the 
supercritical fluid for a time and at a terqperature sufficient to laminate the 
sujrfaces. 

57. The method of claim 56 wherein the fihns are of the sanae polymer. 

58. The method of claim 56 wherein the films are of dififerentpol^^ 

59. The method of claim 56 wherein the films are oriented before bdng brought into contact. 



60. The method of claim 56 wherein the supercritical fluid allows chemical reactions betwem 
the polymers of the films. 

61. The method of claim 60 wherein the supercritical fluid only permeates the amorphous regions 
of the polymer. 
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62. . Tlie method of claim 6 1 wherein the supercritical fluid is CO2. 

63. The method of claim 56 wherein the physical and mechanical properties of the resulting 
laminated fBm exceed the physical and mechanical properties of the non-laminated polymer films. 

64. A laminated fiObmproduced by the nciethod of claim 41. 

65. A laminated film produced by the method of claim 56. 

66. A laminated jShn produced by the method of claim 4 1 having firom 2 to 1 6 layers of 
polymer film 

67. A laminated filmproduced by the method of claim 56 having firom2 to 16 layers of polymer 
film. 
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SUPERCONDUCTJNG CABLE 



BACKGROUND OF THE INVENTION 
FIELD OF THE INVENTION 

The present invention relates to a superconducting cable emplo3dng a flexible oxide superconductor, 
aad more particularly, it relates to forming a superconducting cable. This invention also relates 
generally to solvent welding of laminated film and to supercritical solvent welding of oriented fihris. 

DESCRIPTION OF THE BACKGROUND ART 

Superconducting materials are those where the electric resistance approaches zero (luv/cm) below 
a critical temperature, its value depending on the material. Superconductivity is defined within a 
critical surface, i. e. a graph or figure with its axes being temperature, electrical current and magnetic 
field. Thus, for a given working temperature there is a defined curve of critical current which is a 
fimction of the niagnetic field generated and/or appHed to the superconductor. 

The best known superconductor materials are NbTi and NbjSn, however their working tenperature 
is only 4.2K^ the boiling temperature of liquid helium. This is the main Hmitation to large scale 
application of these superconducting materials. Such superconductors are Hierefore used almost 
exclusively for winding of magnets. Manufactured firom wires (NbTi and NbjSn) or t^es (NbgSn) 
with high critical current densities (3500 A/rrarf 5 Tesla for NbTi), such winding of compact 
magnets provide the production of high fields (up to 18 Tesla) in large volumes. 

These superconductor magnets are used for the formation of medical images by nuclear magnetic 
resonance (MRI) and for materials analysis by the same principle (NMR), the magnets for ore 
separation and research magnets for high fields, such as those used in large particle accelerators 
(SSC, HERA, KBK; etc.). 
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Oxide superconductors of higher critical temperatures were discovered in 1986. These are 
inteimetallic coinpounds involving metal oxides and rare earths, with perovsldte (mica) crystal 
structure. Their critical temperatures vary from 30K to approaching room temperature and their 
critical fields are above 60 Tesla. Therefore these materials are considered promising and may 
replace NbjSn and NbTi in the manufecture of magnets and find other g^plications not feasible with 
Kquid heHmn, such as transmission of electricity. Such materials have not previously been available 
as wires, cables, fibns, t^es or sheets. 

An oxide superconductor which enters the superconducting state at the temperature ofKquid nitrogen 
would be advantageous for application in a superconducting cable having a cooling medium of liquid 
nitrogen. With such an application, it would be possible to simultaneously attain simplification of 
the thermal protection syst^and reduction of the cooling cost in relation to a superconducting cable 
which requires Uquid heKum 

A superconducting cable must be capable of transmitting high current with low ©aergy loss in a 
compact conductor. Power transmission is generally made through an alternating current, and a 
superconductor en^loyed under an alternating current would inevitably be accompanied by en^gy 
loss, genericalfy called AC loss. AC losses such as hysteresis loss, coupling loss, or eddy current loss 
depends on the critical current density of the superconductor, size of filaments, the structure of the 
conductor, and the hke. 

Various types of superconducting cables have been experimentaltjr produced using metallic 
supaxx>nductors to study the structures for reducing AC loss, such as a superconductor which 
con^ses a normal conductor and composite muMfilamentary superconductors which are spirally 
wound along the outer periphery of the normal conductor. The conductor is formed by clockwisely 
and counterclockwise wound layers of con5)osite mnltifilamentaiy superconductois, which are 
altematelysuperimposedwifh each other. The directions for winding the conductors are i^ed every 
layer for reducing magnetic fields generated in the conductors, thereby redudng irnpedance and 
increasing current carrying edacity thereof This conductor has a high-resistance or insulating layer 
between the layers. 
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.Whenacablecoiuiuctoris formed using an oxide superconductor, the technique employed in a metal 
superconductor cannot be used. An oxide superconductor, ie., a ceramic superconductor, is fragile 
and weak in mechanical strain coii?)ared with a metal superconductor. Fox exair5>le, the prior art 
dfacloses a technique of spirally winding superconductors around a normal conductor so that the 
winding pitch is equal to the diameter of each superconductor. However, when a superconducting 
wire comprising an oxide superconductor covered with a silver sheathis wound at such a short pitch, 
there is a high probaMity that the oxide superconductor will be broken, thereby interrupting the 
current. When an oxide superconducting wire is extremely bent, its critical current may also be 
greatly reduced. 

The cable conductor must be flexible to some extent to fiiciKtate handling. It is also difBcult to 
manufacture a flexible cable conductor fixMnahard, fragile oxide superconductor. 

Polyolefins are the most widely used class of polymers in the word today. They have been made 
popular by both their useful physical and mechanical properties as well as their inexpensive 
manufacturability. Because of the inexpensive nature of these polyolefins many atten^ts have been 
made to increase the physical and mechanical properties so as to further extend the scope of 
appUcations of these polymers. Perhaps the most widely practiced technique for this purpose is 
orientation. It is well known that vapcm drawing, the modulus, ultimate strength, tear resistance and 
puncture resistance are all increased in the draw direction, Ajji, A; Legros, N.; Dumoulin, M M. 
Advanced Performance Materials 1998, 5, 117-136. Unfortunately, all of these properties are 
simultaneously reduced in the transverse direction. Biaxial orientation has led to some degree of 
succras, however the increased material properties are not as significant. It is therefore clear that in 
ordcar to filler eaploft the benefits of oriantation, one mast find a way to suppress the undesirable 
decrease in material jaropoties in the transverse direction. One way to accon5)li^ this to raeate 
a quasi-isotropic bon^osite of oriented polyolefins. It would also be beneficial if this could be done 
without the addition of an adhesive, which itself will serve to change the material properties of the 
system 

Welding of polymers has received much attention in the polymear community over the last 30 years. 
The goal of any polymer welding technique is to produce a bond between two polymers (aKke or 
dislike), such that after welding, the weld interfecefc free of defects and has high structural integrity. 
Ideally the welded joint will have noechanical and physical properties approachiag that of the bulk 
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polymer. Researchers have developed many methods to weld polymers, all of which have 
experienced varying degrees of success in practical use. 

Perhaps the oldest and most effective procedure for welding polymers involves melt pressing. In this 
procedure, two polymer substrates are first taken above the melt temperature for semi-crystalline 
polymers, or above the softening temperature for amorphous polymers. The substrates are then 
placed in contact with some initial normal force to produce intimate contact and allowed to 
interdififiise. In many cases it is possible to produce a welded joint with good mechanical and 
physical properties. In general, this technique is sinople and it is by fer the most widely used and 
effective. Many researchers have extended this single idea to more elaborate schemes. R. S. Porter 
and W. Mea4 Mead, W.T.; Porter, ILS. J. Appl Polym Sci 1978, 22, 3249-3265, have taken this 
simple concept and created single polymer conctposites, (composites which are composed of a single 
type of polymer). By eisploiting the diO^ence in melting temperature between High Density 
Polyethylene (HDPE) fibers (ca. 139^0) and conventional HDPB (ca. 132**C) or Low Density 
Polyethylene (LDPE) (ca. 1 10°C) , Porter et. al. were able to embed the HDPE fibers into either a 
HDPB or LDPE matrix, with only minimal relaxation of the fibers. Due to the extremely high degree 
of orientation in the fibers, they retained a great deal of strength even after relaxation. Similarly, V. 
Thomas and J. T. Tielking, Thomas, V.; Tielking, J.T.; WoUenden, A.; Said, M.A. Annu Tech Conf 
ANTEC Conf Proc 1996, 3,3234-3238; and Thomas, V.; Said, M.A. Annu Tech Conf ANTEC Conf 
Proc 1997, 2, 2362-2366, created non-woven fabrics by extruding polymer filaments directly onto 
a thin polymer fihn carrier. In both instances the adhesion is due to polymer interdifiBision while in 
the melt as well as epitaxial transcrystallization. Although this is a very useful and flexible 
technique, it is always necessary to melt or soften the polymers to the point of flow. Hence, it is 
nomially very difficult to retain any morphology, ie. crystallinity and orientation, that is in the 
polymer substrate prior to welding. 

Ultrasonic welding is a technique that employs high firequency (10-40 kHz) low amplitude (1-25 /^m) 
mechanical vibrations to induce cyclical deformation in the polymers. This deformation causes 
intermolecular fiiction that converts the mechanical energy to heat. When enough energy has been 
supplied to overcome the sofl:eniag terrperature, the parts interdifSise and a weld is achieved, lin, 
SJ.; Lin, W.R; Chang, B.C.; Wu, G.M.; Hung, S.W. Adv Polym Technol 1999, 18, 125-135. 
Ultrasonic welding is an important process in industry because it is fast and economical. However, 
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it is best svifted to polymers with low softening temperatures and is difficult to adapt to crystalline 
polymers or polymers with low stiEfiiess. Ultrasonic welding also ultimately relies on thermally 
induced flow, which means it suffers from most of the drawbacks of conventional melt pressing. 
Another technique which is widely used for the bonding of polymers is solvent welding- With this 
technique a solvmt or softening agent is appKed to the surfece of the polymers, and the two surfeces 
are brought together with an applied force. The adhesion, in this case, is due to diBiision of the 
solvated/softeaed material at the interfece of the two polymers. C, Y. Yue et. al.,Yue, CY4 Chorry, 
B.W. Adhesion (Barking, England) 1986, 147-177, reviewed the structrare and shrength of solvent 
welded joints. Yue notes that even after elaborate drying procedures and very long drying times 
(days to weeks) soroe solvent always remains in the polymer. This solvent remains in the vLcinity 
of the bond and has a deleterious effect on the strength of the material at that point Yue found that 
the bond strength was directly related to the size of this solvent affected region. More recenfly F. 
Beaume andN. Brown, Beaume, R; Brown, N. Joumal of Adhesion 1993, 43, 91-100, have studied 
the solvent welding of polyamide -11. They too found that the strength of the bond was effected by 
this solvent affected region, and that siace the solvent could never be fully removed, initial material 
strength couldnot be attained. In addition to the mechanical effects of this residual solvent, it should 
also be noted that this technique often employs haloginated solvaits, which are highly regulated and 
must be treated as hazardous waste. This leads to the solvent welded polymers themselves often 
beiag treated as hazardous waste due to the residual solvent. Most solvent welding has traditionally 
be©a restricted to amorphous polymers, and has found little or no use with crystalhne or semi- 
crystalline polymers- 

In recent years, supercritical carbon dioxide (SC CO2) has received much attention in the polymer 
community due to its unique solvent properties. The scope of the field is described in arecent review 
paper by Andrew I. Cooper, Cooper, A.I. Journal of Materials Chemistry 2000, 10, 207-234. 
AMiough supercritical CO2 is a non-solvent for most polymers, it plastidzes most polymers very 
efficiently. McCarthyet.aL,Kimg,E.;I^ser, A J.; McCarthy, T^ 1998,31,4160- 
4169, have shown that the increased free volume in the swollen polymers is actually sufficient to 
allow chemical reactions vdthin the bulk of a polymer. This increase in free volume leads to a 
decrease in viscoaty and hence an increase in chain mobility. Lesser et al., Hobbs, T.; Lesser, A. J.; 
JPolymSciPartB 1999,37, 1881-1891, have esqploitedthisefiBbctinthe drawing of fibers, attaining 
higher draw ratios than are attainable under ambient conditions. It is important to note that the 
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. carbon dioxide permeates the amorphous regions only, leaving the crystal structure nndisturbed, thus 
allowing semi-crystalline polymers to retain their integrity during and after the process. Because the 
CO2 reverts to a gas under ambient conditions, this solvent is easily and completely removed a&Gc 
treatment. This allows SC CO2 to act as a reversible plasticizing agent. 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide a superconducting cable havitig flexibility and 
exhibiting excellent superconductivity, particularly high critical current and high critical current 
density, having an oxide superconductor. 

Another object of the present invention is to provide such a superconducting cable which is reduced 
in AC loss. 

According to the present invention a superconducting cable is provided employing an oxide 
superconductor, which comprises a flexible core member, and a plurality of tape-shaped oxide 
superconducting wires which are wound on the core member, without an electric insulating layer 
between the superconducting wires or between the core member and the superconducting wires. In 
the inventive conductor, each of the oxide superconducting wires consists essentially of an oxide 
superconductor and a stabili2nng metal covering the same. The plurality of tape-shaped 
superconducting wires laid on the core meniber form a pluralily of layers, each of which is formed 
by laying a plurality of tape-shaped superconducting wires bx a side-by-side manner. The plurality 
of layers are successively stacked on the core member. This core meniber provides the inventive 
superconducting cable with flexibility. The superconducting cable according to the present invention 
maintains a superconducting state at the ten^erature of liquid nitrogen. 

The conductor according to the present invention fiirfher provides anAC conductor whichis reduced 
in AC loss. 
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The present invention also includes a novel approach to solvent-welding semi-crystalline polymers 
wherein supercridcal carbon dioxide is used as the plasticizing agent. This process is used to 
fabricate quasi-isotropic latxunated fihns fromhighly oriented LLDPE jBOnx The interfacial adhesion 
between individual plys of the laminate is increased over prior art processes without detriment to 
other physical and mechanical properties of the laminate. 

The foregoing and other objects, features, aspects and advantages of the present invention will 
become more apparent from the following detailed description of the present invmtion when taken 
in conjunction with the acconipanyiag drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective view showing the multilayer structure of the present invention; 

FIG. 2 is a sectional side view showing one enibodiment of the present invention; 

FIG. 3 is a sectional side view showing another embodiment of the present invention; 

FIG. 4 is a depiction of the embossing pattern used in the present invention. 

FIG. 5 is a schematic drawing of the Supercritical CO^ processing chamber. The chamber allows for 
the plication of a normal force to the substrate while in the presence of COj. 

FIG. 6 is a Differential Scanning Calorirnetery (DSC) for the LLDPE films. 

FIG. 7 is a Wide Angle X-Ray Scattering (WAXS) of an 8-layer laminated film showing the 8-fold 
symmetry indicative of the retention of orientation in each ply. 

FIG. 8a depicts the results of tensile tests on (mmmb) 8-layer laminated films with a draw ratio of 
2 as compared to its single ply constituents tested both with the (m m wm) draw direction and in the 
(tmm m mm) transverse direction. 
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, PIG, 8b depicts the results of tensile tests on (» h » m) 8-layer laiuinated filins with a draw ratio of 
5 as cornpared to its single ply constituents tested in the (^m) draw direction. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The present invention relates to a liigh temperature superconductor cable which may be used in flie 
shielded or unshielded form of construction. There are many applications where both shielded and 
unshielded cables serve useful purposes. 

A modification of this embodiment is to insulate the cable with dielectrics over the high ten5)erature 
si5)erconductor tapes and then provide another high teicperature superconductor layer over the 
dielectric. The entire cable is then either introduced into a cryostat of the type described above or 
a cryostat is constructed over the cable. This coaxial construction forces the magnetic field to stay 
between the inner and the outer layers of high temperature superconductor tapes. There is 
substantia%no magnetic field outside thehighteinp^atinres^^^ tapes and therefore there 

is no eddy cuirent in the outer metallic enclosures. With this constraction very large amounts of 
current can be carried depending upon the nunober of tapes present in the cable. The limitation in 
this cable design is that the dielectric remains at the cryogenic teroperature and a material which can 
withstand the cryogenic temperature without any physical andmechanical degradation has to be used. 
The polymeric dielectric material of one embodiment of the present invention has good physical and 

mechanical properties at hquid nitrogen and lower tenperatures. It has high dielectric strength and 
high breakdown voltage. 

Advantageously the cable of the present invention includes the use of a flexible stainless steel 
corrugated pipe, which is optionally covered with a wire braid or mesh. Preferably, the corrugated 
pipe is drilled with holes of a size and pattern to aBow the liquid nitrogen to flow into the butt gaps 
of the high temperature superconductor tapes and flood the dielectric material The high temperature 
superconductor tapes are laid in a special mann^ to simulate two layer constraction allowing 
maximum cuirent to flow through the cable. 

The dielectric material advantageously consists of semi-conductive tape, aluminized shield tape, and 
polymeric dielectric tapes. A typical constraction of a shielded cable is shown in Fig. 3. An 
unshielded cable can be constracted fay omitting the outer layers of high temperature superconductor 
tapes. This cable constraction is shown in Fig. 2. The present invention includes both shielded and 
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unshielded high tenperatare superconductor cable. The design differs from otiier known cables in 
the case of an unshielded cable where an extrusion of dielectric material is performed over the 
thennal insulation cryostat. The prior art does not disclose any method of constaictiDn for shielded 
hi gh temperature supercondactOT c^le. 

Refetringto Fig. 1, superconductOT cable 10 is shownhaviag flexible, evacuated double walled, outor 
pipe 1 1, through which Hqoid nitrogen, 12, flows to a chiller. Ground-potential superconductive 
shield material 17 oicircles didectiic and shield layer 16, which in turn surrounds current carrying 
superconductive material 15. The flexible, porous-walled inner pq>e, 13, is encircled by 
superconducting material 15 and provides a central, tube-like portian for transport of Hquidnitrograi 
from the chiner. In one embodiment p^e 13 further has a braided suifece that contacts 
superconductive material 15. 

Fig. 2 illustrates an embodiment of an unshielded cable wherein former 21 is surrounded by 
semiconductive bedding t^e 22, upon which is laid superconductive tape 23. Another layer of 
semicondactive bedding tape 24 surround superconductor tape 23. Shielding layer 25 encircles 
bedding tape 24 and dielecttic layer 26 surrounds shielding layer 25. Dielectric layer 26 is encircled 
by shield layer 27 which in turn is Kicircled by semiconductive bedding layer 28. Bedding layer 28 
is surrounded by binder t^e 29, which is encompassed by centering ring 30, in turn surrounded by 
jacketed oyostat 31. 

Referring to Fig. 3, which shows an arbodiment of a shielded calde, jacketed cryostat 53 
eocoii^asses centering ring 52, which surrounds binder t^ 51, which in turn encircles 
seniicondiuaive tape 50. T^e SO encarcles superconductive tape 49, whidi surround senmcondactive 
bedding istpe 48, which encon?)ass shielding layer 47. Dielectric 46 encircles shield layer 45, which 
surrounds semiconductivB t^e 44. Superconductive t^e 43 endrcfes semiconductive bedding tape 
42, which surrounds former 41. 

The present invention relates to a cable en:5>loying an oxide superconductor conqirising a ftexible 
core member, a phjralify of tape-shaped oxide superconducting wires laid on said core member with 
tension of not more than about 2 kgfi'mnf and abending strain of not more than about 0.2% on the 
superconductor, wherein each tape-shaped superconducting wire consists essentially of an oxide 
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siq)ercanductor and a stabilizmg metal covering the same, said plurality of tape-shaped 
stq)erconducting wires finning a plurality of layers each being formed by laying said tape-shaped 
superconducting wires in a side-by-side manner, said pluraUty of layers being successively stacked 
onsaid core member without an insulating layer between the pluraKtyoflayers and the core inem^ 
said core member providing said superconducting cable with flexibility, said superconducting cable 
enable of maintaining a superconducting state at the temperature of Equid nitrogen, said wires 
having substantially homogeneous superconducting phases along the longitadinal directiaa of said 
wire, the c-axes of said superconducting phases being oriented substantially in parallel with the 
direction of thickness of said wire, said superconducting wires being formed by grains aligned in 
parallel extending along the longitudinal direction of said wire, said grains being stacked along the 
direction of thickness of said wire. 

The siqjerconducting cable advantageously has flexibiUty such that its superconductivity does not 
substantialfy deteriorate upon bending up to about 50 times the diameter of the cabb. It is also 
advantageous that tbs core member be selected from the groi^ consisting essentially of metals, 
plastics, reinforced plastics, potynaers, and con^josites. One embodimait of the superconducting 
cable provides a core menoiber being a pipe having a spiral groove surfece, a web sh^ed surface, a 
mat shaped surfece, or a iM^d shaped surface on its exterior which forms a surfece for the tape- 
sh^ed superconducting vdres. The inventisre superconducting cable does not have any insulating 
layer betwerai the pluraHty of layers of the tape-shaped superconducting wires. Advantageousfy the 
t^e-shaped wires are laid on said core member with the tape-shaped plurality of layers being laid 
on the surfaces formed by said immediately prior layer of tape-shaped wires. In another embodiment 
the wires are twisted within said tape-shaped stabilizing metal covering. Advantageously in the 
superconducting cable said tape-shaped wires are laid at a lay angle of up to about 90 degrees, 
advantageously from about 10 to about 60 degrees, andpreferably fromabout20 to about 40 d^es. 
One embodiment of the present invention includes a superconducting cable having at least two 
distinct groups of tape-shaped wire layers. Advantageously the lay angle of each successive layer 
of tape-sh^ed wires alternate in iay direction or pitch; and each said successive layer consists of at 
least two tape-shaped wires. Advantageously, a layer of dielectric material separates each of the at 
least two distinct groups of tape-sh^ed wire layers. Preferabty, a l^er of dielectric material 
separates the core mendber from the layer of t^e-shaped wires ctosest thereto. Advantageously, the 
dielectric material is selected from the group consisting of polypropylene, polyefltylene, and 
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polybaiylene. In one etiibodimMit of the present invention the at least two distinct groups of tape- 
shaped wire layers carries approximatefy equal amounts of the current flowing through the cable. 
Also advantageous is whiere the group of tape-shaped wire layers farthest &om the core member 
provides shielding of the current flawing through the other layers andreduces magnetic fields or eddy 
currents in the caUe. Preferably, the stabilizing metal used in the presait invention is selected from 
the group consisting of silver, silver alloys, and nickel and nickel alkiys, which may require a buffer 
layer. 

Included in the present invaition is an embodiment in which eadi tape-sh^ed muMfflamentary 
oxide superconducting wire has such a structure that is a number of filaments consisting essentia% 
of an oxide superconductor contained in a stabilizing material of silver, silver alloys, nickel and 
nickel alloys. The oxide superconductor may be prepared from an oxide superconductor such as 
bismuth, strontium, calcium and copper oxide. 

Advantageously, eachof said pluraHty of layers contains at least 2 tape-shaped silver contained wires 
per layer. Preferably, each of said plurality of layers contains at least 4 tape-shaped wires per layer. 
One embodiment of the present invention includes an insulating layer between the second and third 
layer of said plurality of layers. Where there are more than 4 layers, advantageously, an insulating 
layer is present between each second and third l^er of said plurality of layers. 

In the inventive conductor, the core member, which is generally called a former, is adapted to hold 
the tape-shaped superconducting wires at a braiding strain of the prescribed range. This former has 
a length whidi is required fiir the superconducting cable conductor, and is provided at ibe center of 
the si^erconducting caMe conductor. The former is in a substantially cylindrical or spiral shape so 
that tihe tapet wires are laid thereon, and generally has a substantially constant dfemeter along its 
overall length. The former can consist essentially of at least one material selected from the group 
consisting of metals sudi as stainless steel, copper, ahiminnm and Hhe like and plastfcs, reinforced 
plastics and ceramics. 

According to the present invention, the former is preferably in the form of a tubular memiber having 
flexa)ility. It is also possible to employ a pipe having a spiral groove (hereinafter refared to as a 
spiral tube) as a former having sufficient strength and flexibility. A bellaws tube having a bellovre 
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may also be employed as a fomier. Furfher, the former caa also be prepared from a spirally wound 
material such as a spiral steel strip. Each of these shapes is adapted to provide the former with 
sufficient flexibility. The flexible foim^ provides the inventive conductor with flexibihty. The 
flexible conductor of the present invention can be taken up on a drum. 

When practicing the present inventioii, it is possible to lay or wind several tqse-shaped 
raultiGlamentary superconducting wires on the former. The tape wires may be laid in two or more 
lay^s while directing a sur&ce thereof to the former. Each layer may be formed by an arbitrary 
number of the tape wires. When several tape wires are laid on the former in parallel with each other 
so that the surface of the former is filled up with the tape wires, additional tape wires are further 
wound thereon. When a sufficient number of tape wires are wound on the first layer of the tape wires 
as a second layer, a third layer of tape vrires are then wound thereon. No insulating layer is provided 
between each adjacent pair of layers. 

In the present inventive method, each tape--shaped rnultifilamentary oxide superconducting wire is 
laid or wound on a former having a prescribed diameter at a bending strain or a curvature of a 
prescribed range and a pitch of a prescribed range. A relatively loose bending is applied to the tape 
wire along its longitudinal direction. The tape wire which is wound on the former is bent at a 
bending strain of not more than 0.4%, preferably not more than 0.3%. Superconductivity of the tape 
wire is not substantially reduced upon bending at a bending strain of such a range, as conipared with 
that in a linear state. 

The present invention it is preferable to adjust the pitch and the diameter of the fomier so that the 
bending strain of the superconductive whe is not more than 0.2%. Each tape-shaped 
mnltifilamaDtary oxide superconducting wire is preferably wound on the former vn&L tension of not 
more than 2 kgCtamx"^ in a range of 0.5 to 2 kgFmm'^. 

The core m^rber (former) can be formed by either an electric insulating material or an electric 
conductor. The electric insulating material is preferable in consideration of reduction in AC loss, 
while a metal which is a conductor is preferable in consideration of strength. A metal pipe having 
a spiral groove or a metal bellows tube may be used as Ihe core meinber for providing the conductor 
with flexibility while maintaining constant strength. A metal core member can also be en^loyed for 
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^ safety m the case of an accidental abnormal ciirrent. In this case, it is possible to set optimum 
resistivity of tiie coremember in consideration of AC loss ofthe conductor and the core member for 
the abnormal current. 

When a metal pipe, which optionally may have a spiral groove, or a metal bellows tube is employed 
as the core member, the conductor can fiirfher con^rise a metal tape which is laid or wound on the 
core member, and dielectric tape which is laid on a the outside surface ofthe metal tape. The metal 
t^e can form a smooth surfece for covering any grooves of Ihe core member so that the 
superconducting tapes do not buckle. It is possible to cover any grooves while mamtaimng flexibility 
ofthe core merdber by laying the metal tape. 

According to the present invention, it is possible to employ tape-shaped multifilamentary wires each 
having twisted filaments. The filaments forming a superconducting multifilamentary tape are twisted 
at a prescribed pitch. Due to such twisting of the filaments, an induction current flowing between 
a stabili2dng metal and the filaments is parted every twisting pitch into small loops, and hence the 
value ofthe current is limited Thus, generation of Joule heat is suppressed in the stabiligdng metal 
and AC loss is reduced as compared with a superconducting wire having untwisted filaments. 

The superconducting cable conductor according to the present invention has such flexibility that its 
superconductivity is substantially not deteriorated also when the same is bent up to 50 times the 
diameter ofthe cable. This conductor can be wound on ia drum, to be stored and/or transported. 

The present invention also n[iakes it is possible to provide a long oxide superconducting cable 
condtictdr having flexibility as weff^ excellent superconductivity. In the present invention, an eddy 
current or a coupling current transferred between and flowing aax}ss the siq)erconducting tapes is 
suppressed by the second or subsequent layer of tube-sh^ed superconductive wires which is 
provided according to one embodiment of the present invention. The present invention provides a 
practical AC superconducting cable conductor. 

Advantageously the superconductor material is a granulated ceramic inserted into a silver tube which 
is then drawn to about 1 to about 2 mm, A number, depending on the desired capacity ofthe final 
cable, of these small drawn tubes are then inserted into a silver tube which is drawn to the desired 
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^ size for use. Optionally, such tube may first be cut into sections and tiien added to the second silver 
tube before drawing. This thin^ silver, flat tape-shaped material is from about 80 to about 60 percent 
silver and about 20 to about 40 percent ceramiD by weight, advantageously, about 65 percent sihrer 
and about 35 percent ceramic. 

The present invmtion also relates to a novel process or method which produces polymeric tapes 
suitable for use in a cryogenically operated superconducting power cable and the tapes so produced. 
The processing includes biaxially orienting either a polyethylene, polypropylene, or polybutylene 
film whidi has a mayiimim dielectric constant of about 3.0 and embossing said film with a random 
pattern. The combination of low dielectric constant, biaxially oriented, embossed fihn yields a 
polymeric material which overcomes the problenss of brittleness, crazing, and excessive shrinkage 
which renders polymeric materials produced by known processes unusable in cryogenically operated 
power cable systems, hi addition, the embossing of the Ska permits the relatively free flow of 
dielectric fluid within the cable. 

The polyolefin sheet stock is biaxially oriented before use in the cable of the present invention. This 
involves stretching the sheet to a draw ratio of between about 5 to 1 and about 10 to 1 in the length- 
direction and also orienting the sheet across their width 

The sheet, and tapes obtained therefrom which results from processing polyolefin stock to 
appropriate draw ratios has numerous qualities which make it superior for cable manufacture. To 
reduce tiie tape's tendency to fibrillate, to split over its entire length along a single tear, frirther 
processing is desirable. This processing involves a biaxial orientation in the direction across the 
sheet. This orients the sheet to a ratio of up to about 50% in the cross-sheet direction, and produces 
tape which is suBiciently biaxially oriented to satis&ctorily limit the tendency to fibrillate. 

The polyethylene, polypropylaie and polybutylene tapes produced from the processing noted above 
are enabossed with a particular pattem under specific conditions to assure proper cable impregnation 
and heat transfer. The embossing pattem consists of random or irregular channels, prinaarily directed 
in the cross machine direction. The tapes are cut from or otherwise obtained fromthe oriented sheet 
and nmy be iised as single or multiple layer or lamiiiate t^es. 
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At the same time the pattern, while it way permit some impregnant flow in both the machine and 
cross-tape direction, fevors cross-tape flow and flow between butt gaps becaose such flow enhances 
impr^iatiDn from %er to layer and aicotirages heat transfer by conyectiDn. The cable itself is 
constructed of multiple layers of polyolefin tape, eilhar polye%lene, polybutylene or potypropjlene. 
To fecihtate cable beading, different widths of polyolefin tape may be used in the layers. The sizes 
may progress to larger widlhs with incareased distance from, the conductor of the cable. 

The polyethylene, polypropylene, or polybutylene fihn of the present invention has a dielectric 
constant no greaterthan about 3.0, with about 2.3 beingihe preferredmaximum. The firstprocessing 
step consists of biaxial orientation, or drawing, advantageously at aratio of from about 5 :1 to about 
6:1 in the machine direction and up to about 2:1 in the cross machine direction. Following 
orientation, the oriented tape is embossed at a temperature of from about SO'C to about 140''C, 
which produces on the tape a pattern consisting of irregular or random channels primarily directed 
in the cross machine direction. 

Polymeric tapes which have not undergone the novel processing steps described above have several 
inherent problems which make them unusable in cryogenically operated superconducting power 
cable systems. For example, in aliquidnitrogen environment at 77°K, most polymeric tapes become 
glass hard. This will lead to either taisfle feilure due to thermal contraction exceeding the inherent 
elongation or to simple disintegration of the tape. Anotiier problem is crazing in Kquid nitrogen. 
Liquid nitrogen, with a boiling point of 77 "K, is known to be a powerful crazing agCTt for polymers. 
Crazing usually leads to sti^ cracking and ultimate^ fracture of the tape. The biaxial orientatian 
process described above overcomes these problems of brittieness, excessive shrinkage, and crazing. 

Many polymers exhibit two distinct modes of yielding. One ^e of yielding involves an ^Ked 
shear stress, although the yield phenomenon itself is influenced by the normal stiess coir^KMient 
acting on the yield plane. The second type of yielding involves yielding under the influence of the 
largest princq)al stress. This type of yielding is frequently referred to as crazing, or normal stress 
yielding. Crazing can be induced by stress or by coiribined stress and solvent action. It shov<rs 
generally similar features in all polymers in which it has been observed. Crazing ^ears to the eye 
to be a fine, microscopic network of cracks almost ahvays ad:\^dng in a direction at ri^ angles 
to the tnaxiraum principal stress. Crazing generally originates on the surfece at points of local sbress 
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, conGentration. In a static type of test, it appears that for crazing to occur the stress or strain must 
reach some critical value. However, crazing can occur at relatively low stress levels under long-time 
loading. 

It is known from extensive electron microscopic examination of crazed areas that molecular chain 
orientation has occurred in fhe crazed regions and that oriented fibrils extmd across the craze 
sur&ces. 

To aid in the construction of the cable the otherwise highly transparent polyolefin insulating tape 
advantageously is produced with coloring added. This technique adds significantly to the ability to 
make a useable cable, because the operator rxsast properly index each subsequent spiral layer of tape 
with the immediate previous layer. When taping with fhe typical extronely clear and transparent 
polyethylene, polybutylene or polypropylene tape, the operator is unable to distinguish the butt gaps 
of the immediate previous layer fi-om other butt gaps as far as ei^t or ten tape layers beneath. The 
addition of selected color dyes in specific quantities adds enough color to the tape to permit the 
operator to easily distinguish the edges, the butt gaps, of tiie immediate previous layer of tape from 
those of the earlier layers because the darkness of the color increases significantly with each layer. 
This coloring agent is selected so as to minimize any increase in dissipation factor of the original 
material. 

The width of the tapes roay vary; narrow near the conductor and wider at the outside. The direction 
of lay may also be reversed at a certain radial thickness, a factor which depends on the design of the 
taping noachine. 

The dielectric t^es may be wound in overlapping spiral layers so that each butt gap between spirals 
of the same layer is offiset from the butt gap of the layer below. This constraction is fecilitated by 
the production of the insulating tape containing color. 

Polyolefin tapes such as polyefhylene, polybutylene and polypropylene, when higUy oriented as 
requiredforthepresentinvention, aretransparent. This clarity becomes a disadvantage when the butt 
gaps of many layers show througji to the surface of, the cable very clearly. The operator then has 
difiScuhy distinguishing fhe butt gap of Ihe immediate previous layer, from which each new butt g^ 
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must be ofl&et, firom other butt gaps deeper within the cable. 

The t^e of the pr^eat inveation therefore has a color conqjoneot added to it so that the deeper a 
layer is within the cable, the darker it appears- Organic dyes may be used to produce this color 
because these organic compounds, unlike inorganic metal salts, have less debimental effect on the 
loss tangent and permitdviiy of the tape. 

Since a balance between the needed color and effects on the electrical characteristics must be struck, 
organic dyes are added in the proportions ranging between 100 to 1000 parts per million. 

This results in a reduction in the light transmission of the tape to 10 to 50 percent of the original 
transmission. When the tape is used on a cable this reduces the visibility to one to four layers, 
whereas without color, butt gaps as deep as eight to ten layers within the insulation are, still visible. 

Orientation is accomplished in the machine direction by stretching or tentering of the sheet to 
produce a thickness reduction ratio of between 5 to 1 and 10 to 1 . 

The thickness reduction ratio is in fact a measurement of the linear sheet orientation and is an 
indication of the changing tensile characteristics of the polymer. The process is advantageously 
performed at ternperatures of between about 80°C and about 140 **C. 

The siieet is also processed to orient it in the oross-sheet direction to a reductian ratio of up to 50%. 
This is necessary because without siich processing polymers tend to fihrillate, that is, to separate into 
itidividiial fibers across their width and cause titie t^e to ^t lengthwise. 

Polyolefin tapes resulting from the processing specified above, however, have a tensfle modulus of 
at least 250,000 psi in the length (machine) direction, and meet all tie criteria required for cable 
manufacture. 

The tensile sbrength attained by the tapes through the processing is not only an indication of the 
resistance to deterioration, but also a necessity fi>r the use on cable taping machines. Tapes 
processed as described above can therefore be used on conventional cable making machines with 
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^ tensions great enough to construct a satisfactory tightly wound cable. 

Before final construction into a cable, the polyolefin tape is embossed to furnish spacing between 
the tape layers which will facilitate relatively free flow of in^)regnants within the cable to enhance 
heat transfer. 

These goals are accomplished by a specific embossing technique. The tape is embossed 
advantageously hy xdOers. A typical pattern of embossing is shown in FIG. 4 which is a top view 
of a small section of tape 60 with valleys 61 in the pattern shown as dark Hnes. 

The embossmg pattern is characterized as irregular and preferentially permitting cross-t^e flow of 
impregnant as opposed to flow along the length of the tape. The pattern of irre^;ular valleys running 
essentially across the t^e width as seenin FIG. 4 meets these criteria and, unlike apattem of regular 
grooves or channels, it can not interlock adjacent tape layers. Non-uniform and irregular patterns 
therefore assure that the various tape layers canmovc small distances relative to each other and yield 
the degree of flexibility required to manufacture and install the cable. 

The cross-flow favoring pattem provides beat transfer and ioGpregnation capabilities for the cable. 
Although it is welt understood that polymers are not permeable, the mechanism available for 
impregnation and heat transfer in the present cable does not depend upon the permeability of the 
material itself. 

The embossed pattem is such that it can increase the effective tape thickness, that is, liie peak to peak 
thickness may be twice the distance of the original tape thickness. The tape is then corqpressed 
during winding. Embossing is accomplished by rollers which cause a depression in one surfece of 
the tape and a protrusion in the other surfece. Once wound into a cable, fliese surface irregularities 
separate the tape layers; but since the pattem favors across-the-tape flow, iiqpregnants need only 
flow, at the most, one-half the width of the tape to or from a butt gap where it can then progress to 
the next space between the t^es. This results in a relatively short path fromtiie outside of the cable 
to the conductor. 
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Two typical patterns of embossing are: a coarse pattern with a typical 0. Innn nrid-height width of 
the valleys and a typical 0.2inm spacing between adjacent peaks; and a fine pattern with typical 
0.025nam mid-height valley widths and typical O.OSmm spacing between peaks. 

The availability of embossing patterns ranging from coarse to fine allows the cable designer to strike 
a conrpromise between heat transfer and operating stress. The coarse pattern provides the best heat 
transfer with some reduction in operating voltage stress compared to the fine pattern and vice versa. 

One ecobodiment of the present invention is a process by which semicrs^talline polymers are solvit 
welded using supercritical carbon dioxide. The carbon dioxide acts as areversible plastidzing agent 
and does so without interrupting the polymer's morphology or crystal structure. The inventive 
process can solvent weld highly oriented LLDPE films into a quasi-isotropic laminated film. The 
mechanical properties of these films were examined and characterized via tensile tests and tear 
resistance techniques, and in all cases the laminates showed increased properties in all directions as 
conqjared to unoriented LLDPE films. There is a synergistic increase in tear resistance of the 
lamin^:es as con^pared to the single oriented films. 

The present invention includes a method of fabricating quasi-isotropic laminated films fi-om polymer 
films which allows the laminated film to substantially retain the physical and mechanical properties 
of the unlaminated film con^risiag the steps of providing at least two fihns of a polymer to be 
laminated; inserting the films into an ^paratus adapted to ex^ force on the films surfaces and to 
allow contact of the films by a supercritical fluid; bringing the surfeees to be laminated of each of 
the fihns into contact; exiling a force on the fihns fliereby urging the film surfaces into contact; 
contacting the fiams with a supercritical fluid while the fihnsurfeces are under the exerted force, and 
allowing the fiTma under the exerted force to remain in the presence of the supercritical fluid for a 
lime and at a tea^ernture sufiBdent to laminate the sur&ces. Advantageously, the polymer is 
selected firom the group consisting of low density and high density polymers. More advantageously, 
the polymer is selected firom the group consisting of poly aDcyls having firom 2 to 6 carbon atoms. 
Further, the polymer may be linear or branched. The present invention includes fihns of the same 
polymer and fihns of different polymers. Advantageously, the apparatus used is essentially air tight. 
Preferably the films of this invention are orientedbefore being brought into contact. Advantageously 
the supercritical fluid allows chemical reactions between the polymers of the films. Preferably the 
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supercritical flmd only permeates the amorphous regions of the polymer aad most preferably the 
supercritical fluid dissolves the amorplious regions of the polymer. The most preferred superoitical 
fluid is CO2. In the method of the present invention the physical and mechanical properties of the 
resulting laminated fflm may exceed the physical and mechanical properties of the non-laminated 
polymer films. The nsost preferred polymer used in the present invention is a low density 
pofyethylene. 

The presmt invention includes the method of fabricating quasi-isotropic laminated films firom 
polymer Sbm which allows the laminated film to substantially retain the physical and mechanical 
properties of the imlaminated film cornprising the steps of providing at least two films of a pol^rmer 
to be laminated; providing an enclosed means adqrted to exert a force on a film's surface; inserting 
the films iQto the enclosed means; bringing the sur&ces to be laminated of each of the fikas into 
contact; exerting a force on the films thereby urging the film sur&ces into contact; contacting tiie 
films with a supercritical fluid while the film sur&ces are under the exerted force, and allowing the 
films under the exerted force to remain in the presence of the supercritical fluid for a time and at a 
ten5)erature sufficient to larmnate the surfaces. 

This invention further includes laminated fi1m<g produced by the above methods. Advantageously 
the laminated films produced by the present method have fi-om 2 to 16, preferably firom 2 to 8, layers 
of polymer film- 
In the present invention the laminated films were processed in a high pressure apparatus, shown on 
Figure 5, specifically designed to allow flie application of force to the sanaples while in the presence 
of SC CO2 under controlled temperature. The apparatus was machined firom 316 stainless steel and 
mounted ia a PHI hydrauUc press. Coleman grade CO2 was supplied via an inlet port on the 
apparatus by a Hydro-Pac, Inc. high pressure carbon dioxide pump and filtered througji activated 
carbon and a drying agent. The CO2 pressure was controlled via a Tescom BR3000 electronic 
pressure regulator with a con^uter inter&ce. The ER3000 allows for exact control of CO2 pressure 
as well as rate of pressurization or depressurization. Thermocouples penetrate the body of the 
apparatus and are connected to an Omega PID temperature controller. Unless otherwise specified, 
all laminated films were processed with au initial normal fierce of 20,000 lbs 1600psi) and a CO2 
pressure of 1500 psL The temperature was ramped firom 23^*0 to 95 C over a period of Ih, then 
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cooled to 23°C oveatnight while depressurizing at a very slow rate. Eight (8)-ply quasi-isolxopic 
laniinated fihns were welded in a (0,45,90,-45)2s lay-up seqaence. This configuration produces a 
symcDBtric qnasi-isotropic laminated film. 

LLDPE (30% crystalline by Differential Scanning Calorimeteiy, DSC) was obtained in the form of 
a 76 /J.m thidk film. These are metaflocetie fihns with an M„ of 1 18,400 and a Polydispersity Index 
(PDI) of 2.79. The film original^ has a minimal Hermans orientation fiinction -vahie in the machine 
direction of 4.28 x 10"* as based on measured birefiingraicB and a maximum theoretical hirefiingcace 
of 0.06 for LLDPE. The as received fihn was oriented fijrther by subsequait drawing at either 127 
mm/min or 380 mm/nrin to a draw of either two or five respectively. The Hemians orientation 
function value after drawing was determined both via birefrmgence and wide angle X-ray scattering 
(WAXS). 

Adhesion measurements were made using a 90° Peel Test geometry on an Instron model 1 123 with 
a lOON load cell. Test specimens were 2.54 cm wide and the test rate was 50 mm/min. The tear 
resistance of the laminated fihns was evaluated using a single specimen Jjc- The J values were 
calculated as follows: 

1 fdU] 



B\ da 



whare B is the thickness of die fUm, a is the crack length and U is the strain energy. The strain 
enei^forthesystemwascaleulatedfiromtheloadvs. displacement curve. Jjc is then defined as the 
critical aiergy at which cradc propagation first occurs, this value is determined by extrapolation of 
the Imear portion of the J vs. craxjkleiigfli curve to zero aack leng^ 

The single specimen Jic is a desirable test because of the limited number of samples available for 
testing. The ^Kcability of the smgle spednoen Jic to iiiese fhm potymer fihns is investigated by 
con5>aring results of single plys obtained using the Method of Esseaitial Work, Mai, Y. W.; Cotterell, 
B.; Horlyck, R.; Vigna, G. PolymBng Sci 1987, 27, 804-809 and Mai, Y.W.; Powell, P.J Polym Sci 
Part B 1991, 29, 785-793. The method of essential work is calculated as follows 

Wf^wJ+^Wpf (2) 
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where p is a shape fector of the outer plastic zone which depends on the specimen geometry, / is 



Therefore, from a plot of specific total fracture work vs. ligament length for several specimens one 
can determine w^, a material constant. Although the Method of Essential Work has a more sound 
theoretical footing for these types of films, the drawback is the need to prepare up to ten identical 
specimens with vaiying ligament lengths. 

Tear properties were tested in a center notch Mode I geometry with an Instron model 44 1 1 with 
either a 1 OON or 5kN load cell at a rate of 2 mm/min. Puncture behavior was measured on an Instron 
Dynatup Impact test machine fitted with a 6.3 mm tup. The impact zone for the puncture tests was 
a 3.8 mm diameter circular region. Crystallinity was determined via DSC using 5mg san^>les at a 
heating rate of 10**C/min. Birefiingence measurements were made on an Olyn^us polarizing 
microscope equipped with a 1-20X Berek compensator. The retardation was naeasured by using the 
U-CTB Berek compensator. Wide angle X-ray scattering (WAXS) was naeasured on a GADDS 
instrument. Hemians Orientation Function Values were calculated for the birefringence data as 
follows: 



where ah is the measured birefringence and aHq is the theoretical maximum birefringence for the 
material. The Hermans Orientation fimction for the WAXS was calculated by: 



where <cos^(|» is the average angle that the chains make with the director, which is the average 
direction of orientation of the chains. The Hermans Orientation Function has values from — 1/2 to 
1, 1 being perfectly oriented, 0 being without orientation, and— 1/2 being orientation perpendicular 
to the director. 

Various aspects of the SC COj welding technique were investigated including the effect of SC CO2 
on morphology and crystal stracture. The effects often^perature and presence ofSCCO^ are related 
to strength of adhesion. The mechanical properties of some quasi-isolropic laminates are also 
discussed in some detail 



Kgament length, Wp is the energy for plastic deformation and Wg is the energy for elastic deformation. 



An 



(3) 




(4) 
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In order to identify appropriate solvent welding conditions, preliminary studies were conducted to 
characterize the effect of SC CO2 immersion time on IBlm morphology. Highly oriented single films 
(DR2 or DR5), where placed in SC CO2 at elevated teo^ieratures for 1.5h and the Hermans 
orientation measured via birefimgence and WAXS before and after (Table 1). As evidenced by the 
data iQ Table 1 there was esseotially no difference ia the molecular orientation before and after 
treatment with SC CO2 at 95^C 

SC CO2 has been reported to induce annealing of crystallites in some semi-<aystallinB polymers such 
as PET, therefore it was necessary to evaluate any effect of SC CO^ on the crystal structure of the 
LLDPE, In order to quantify any effects on the crystal structure of ULDPB a seri^ of DSC 
experiments were conducted as shown in Figure 6. Table 2 gives the percent crj^allinity for each 
experiment as well as the melting temperature. 

As illustrated by Table 2 there was no effect on either the percent crystallinity or the melt temperature 
in SC CO2 at 95**C for 1 . 5h. However some annealing effects do occur at extremely long exposure 
times. The dual melting peak in. the as received LLDPE has been attributed to segregation of chains 
which do not have truly random distributions of chain branches either intra- or inter- molecularly. 
This minor peak disappears after drawing, evidence of the destruction and reformation of crystallites 
during the drawing process. This minor peak is seen to reappear when the drawn films are melted 
and reaiaalyzed. 

The melting temperature of LLDPE is llS'^CbyDSC. When fihns are processed as described above 
it is apparent that no adhesion is measurable between fihns at temperatures below 85**C in either 
normal inelt pressiiig conditioias, or in the presence of SC COj. However as the temperature is 
increased above 85**G the adhesive strmgth increases between the fihns. The increase in adhesion 
with temperature is considerably fester in the presence of SC CO2, this allows attainmaent of higjier 
adhesion values at a given temperature. The ability to attain this adhesion at ten^peratures below the 
melting temperature allows for the retention of the original morphology and acystal stoicture after 
processing. 
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Wide angle X-ray scattering was performed on both the laminated films as well as the single plys. 
Some results of the orientation calculations have been mentioned earlier. The d spacings are 
consistent with the standard orthorhorobic unit cell of LLDPB. For the DR2 £Qms only the 1 10 and 
the 200 reflections are discemable. The WAXS pattem for the laminated film shows the 8 fold 
symmetry indicative of its quasi-isotropic nature (Figure 7). The contribution from each individual 
oriented fihn was apparent which is further evidence of the retention of morphology in this process. 

Results of tensile tests on the laminated fihns were compared to the oriented iodividual plys with 
their orientation perpendicular and parallel to the load direction (Figures 8(b)). The laminated 
films gave similar results for all testing directions, ie., transversely isotropic. The results of these 
tests are summarized ia Table 3. The initial modulus for the laminated films are only slightly higher 
than the parallel individual ply, while the strain to failure is significantly higher. The total strain 
energy density at failure is also significantly higher, being 56% higher than the strain energy density 
of the parallel film. Data for both the draw ratio 2 and the draw ratio 5 films are presented in Figures 
8a and 8b. The draw ratio 5 fihns show a significant increase in modulus over the draw ratio 2, as 
is expected, while the strain energy density to failure is decreased, due to a significantly decreased 
strain to failure. In all cases failure occurred without delamination of the laminated fihns. 

The multi-specimen Method of Essential Work is a soEd theoretical basis for the calculation of tear 
resistance in polymer films, a siagle specimen approach is preferred so as to limit sample 
preparation. Yiu-Wing Mai andPoweU, Mai, Y.W.; Cotterell, B.; Horlyck, R.; Vigna, G. PolymEng 
Sci 1987, 27, 804-809 and Mai, Y.W,; Powell, P. J Polym Sci Part B 1991, 29, 785-793, and others 
have conducted studies directed toward cornparing the results of the Method of Essential Work to 
a single spedmen J^c ^d have attained good agreement. The Method of Essential Work and the 
single specimen J^c were studied as they pertain to highly oriented LLDPB fihns in order to assess 
the practicality of using the single specimen J^q to characterize quasi-isotropic laminated films. The 
LLDPB single films were tested in a center notch mode I geometry. Three specimen typ^ were 
tested, the unoriented film, and the highly oriented single ply with ori^xtation perpendicular and 
parallel to the load direction. These tests were all conducted on fihns with draw ratio 2. The results 
of these tests are listed in Table 4. It is apparent that orientation in polymer films has a profound 
effect on tear resistance. The films with orientation parallel to the load direction (crack growth 
perpendicular to orientation), have quite high tear resistance. However for tiie films with orientation 
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traosverse to the load (crack growth parallel to orientation), there is almost no resistance to crack 
growtihu It is apparent &om these studies that in order to resist tear in these oriented fihns a 
contiposite of these two geonaetries must be created, so as to improve the properties of the films 
overalL 

The data herein suggests a good agreement between Hie single specimen Jjc and Method of Essential 
Work for the single ptys, therefore a J^c analysis is appropriate for the 8 ply Imninated films. 



Table 1. Degree of orientation for the as received film, drawn film (DR2), and 
for the drawn film after exposure to Supercritical CO2 



Temperatare 


Birefiringence 


r 

Birefr&ageace 


r 

WAXS 


As received 


2.57 X 10-^ 


-0 


-0 


As drawn DR2 


0.029 


0.48 


0.32 


DR2 after 95»C 
(LShinSCCOa) 


0.030 


0.50 





* Hermans Orientation Function Value 



0 
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Table 2. Percent crystalliaily and melting temperature for the as received films. 
Drawn fihns (DR2) and dravm films e2cposed to Supercritical CO2. 



SamDle 


Tm 


Percent Crwtallinitv 


As received 


119.75 


29.5 


As drawn DR2 


117.23 


38.4 


DR2 1.5b. @ 95"C in COj 


117.22 


38.4 


DR219h(®75''Cin CO, 


117.05 


37.1 
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Table 3. MedbaDical data from tensile tests on the single plys and the 

laminated films. 



Sample 


Modulus 
(MPa) 


Strain to Failure 
(mm/mm) 


Stress at 
Failure (Mpe0 


Strain Energy 
Density (kJ/m^) 


DR2 transverse 
Sinsle Plv 


42 


— 


— 


— 


DS2 Parallel 
Single Ply 


52 


3.2 


48.6 


102.3 


DR2 Laminated 
Film 


57 


6.9 


33.2 


159.1 


DR5 Parallel 
Single Pfy 


230 


1.0 


157 


61.9 


DR5 Laminated 
Film 


152 


1.5 


77 


66.1 
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Table 4. CoDoparison of the Method of Essential Work to the Single Specimen 
Jic for the single plys (transverse and parallel) and the as received fihn. 



Snedmea 


r 






Tntus verse 


0.5 


8.9 


0.5 


As received 


-0 


40.3 


47.97 


Parallel 


0.5 


205.7 


195.83 



* HeroGians Orientation Function Value 



Although the present invention has been described and illustrated in detail, it is clearty understood 
that the same is by way of illustration and example only and is not to be taken by way of limitation, 
the spirit and scope of the present invention being limited only by the terms of the appended claims. 



28 



wo 02/023557 



PCT/USOl/28929 



^ What is claimed is: 
1 . A cable eiiq>loymg aa oxide superconductor, compisiag: 
a flexible core member; 

a plurality of tape-shaped oxide superconducting wires being laid on said core member with tension 
of not more than 2 kgE^nmf wherein each tape-shaped superconducting wire consisting essentially 
of an oxide superconductor and a stE^Dflizing metal covering the same, 

said plurality of t^e-shaped superconducting wires forming a plurality of layers each being formed 
by laying a plurality of said tape-sh^ed superconducting wires in a side-by-side manner, 

said plurality of layers being successively stacked on said core member without an insulating layer 
between the plurality of layers and the core member, 

said core member providiag said superconducting cable with flexibitty, 

said superconducting cable capable of maintaining a siq)erconducting state at the temperature of 
liquid nitrogen, 

said wires having substantially homogeneous superconducting phases along the longitudinal directioii 
of said wire, 

the c-axes of said superconducting phases being oriented substantially in parallel with the direction 
of fliickness of said wire, 

said superconducting wires being jformed by grains alfened in parallel extending along the 
longitudinal direction of said wire, 

said grains being stacked along the direction of thickness of said wire. 

2. The superconducting cable of claim 1 having flexibiHty such that the superconductivity of said 
cable does not substantialty deteriorate upon beading up to about 50 times the diameter of the cable. 
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^ 3, The superconducting cable of claim 1, wherein said core member is selected from the group 
consisting essentially of metals, plastics, reinforced plastics, polymers, and composites. 

4. The superconducting cable of claim 1, wherein said core member is a pipe having a surface 
selected from a spiral groove surface, a web shaped surface, a braid surface, and a mat shaped surface 
on its exterior which forms a sur&ce for the tape-shaped superconducting wires. 

5. The supercondudiag cable of claim 1, wherein an insulating layer is not inresent between the 
plurality of layers. 

6. The superconducting cable of claim S, wherein after the first layer of tstpe-shaped wires are laid 
on said core mj^tnber the subsequent tape-shaped plurality of layers are laid on the surfaces formed 
by the immediately prior layer of tape-sh^ed wires. 

7. The superconducting cable of claim 1, wherein said wires are twisted within said tape-shaped 
stabilizing metal covenug. 

8. The superconducting cable of claim 1, wherein said tape-shaped wires are laid at a lay angle of 
up to about 90 degrees. 

9. The superconducting cable of claim 8, wherein said tape-shaped wires are laid at a lay angle of 
from about 10 to about 60 degrees. 

10. The superconducting cable of claim 9, wherein said tape-shaped wires are laid at a lay angle of 
from about 20 to about 40 degrees. 

11* The superconducting cable of claim 1, further including at least two distinct groups of tape- 
shaped wire layers. 

12. The superconducting cable of claim 1 1, wherein the lay angle of each successive layer of tape- 
shaped wires alternate in lay direction or pitch. 
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13. The superconducting cable of claim 12, wherein each said successive layer consists of at least 
two tape-shaped wires for a construction of four or more even layers. 



14. The superconducting cable of claim 1 1, wherein a layer of dielectric roaterial ssfeparates each of 
the at least two distinct groups of t^e-sh^ed wire layers. 

15. The superconducting cable of claim 11, wherein a layer of dielectric material separates tibe core 
member from the layer of tape-shaped wires closest thereto. 

16. The superconducting cable of claim 14, wherein the dielectric material is selectedfromthe group 
consisting of polypropylene, polyethylene and polybutjrlene. 

17. The superconducting cable of claim 1 1, wherein the at least two distinct groups of tape-shaped 
wire layers carries approximately equal amounts of the current flowing tbrougihthe cable. 

18. The superconducting cable of claim 1 1, wherein the &st of the two distinct groups of tape- 
shaped wire layers carries greater than 50 percent of the current flowing through the cable. 

19. The superconducting cable of claim 11, whereinthe second of the two distinct groups of tape- 
shaped wire layers carries greater than 50 percent of the current flowing through the cable. 

20. The superconducting cable of claim 17, wherein the group of tape-shaped wire layers furthest 
from the core member provides shielding of the current flowing through the other layers and reduces 
magnetic fields or eddy currents in the cable. 

2 1 . The superconducting cable of claim 1 , wherein the stabilizing metal is selected from iiie group 
consisting of silver, silver alloys, nickel and nickel alloys. 

22. The superconducting cable of claim 1, wherein each of said plurality of layers contains at least 
2 tape-dmped wires per layer. 
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23 . The superconducting cable of claim 1 , wherein each of said plurality of layers contains at least 
4 tape-shaped wires per layer. 

24. The superconducting cable of claim 23, including an insulating layer between the second and 
third layer of said plurality of layers. 

25. The superconducting cable of claim 23, iacludiug an insulating layer betw^eea each second and 
third layer of said plurality of layers. 

26. The superconducting cable of claim 14, wherein the dielectric noaterialhas a maximum dielectric 
constant of about 3.0. 

27. The sup^conducting cable of claim26, wherein the dielectric matmal has a maximum dielectric 
constant of about 2.3. 

28 . The superconducting cable of claim 14, wherein the dielectric material is biaxialty oriented at 
aratio of &om about 5: 1 to about 10: 1 in the machine direction. 

29. The superconducting cable of claim 28, wherein the dielectric material is biaxially oriented at 
a ratio of firom about 5: 1 to about 6: 1 in the machine direction. 

30. The superconducting cable of claim 28, wherein the dielectric material is further biaxially 
oriented up to about 2: 1 in the cross machine direction. 

31. The superconducting cable of claim 28, including embossing the biaxially oriented dielectric 
material so as to form irregular and/or random channels therein. 

32. The superconducting cable of claim 31, wherein the dielectric material is enaSbossed with 
channels having a depth of firom about 0.5 to about 2 nil. 

33. The superconducting cable of claim 31, wherein the embossing is performed by a roller at a 
ten^jerature firom about 80°C to about 140°C. 
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^ 34. The superconducting cable of claim 30, wherein the dielectric tape is enibossed in a pattern 
which preferentially permits impregnant flow across the tape width 



35. The superconducting cable of claim 31, wherein the dielectric tq)e is enibossed ia a pattern of 
irregular hills and vaUeys ruoniag across the tape. 

36. The superconducting cable of claim 14, wherein the dielectric fatpe is produced from material 
which contains organic color dye in a quantity within the range of 100 to 1000 parts per mfllion. 

37. The superconducting cable of claim 31, wherein the dielectric tape is embossed in a pattern 
which increases the eflfective tape thickness. 

3 8 . The superconducting cable of claim 3 1 , wherein the dielectric tape is embossed in a pattern with 
up to about 0.2mm spacing between the adjacent peaks. 

39. The superconducting cable of claim 38, wherein the dielectric tape is embossed in a pattern with 
up to about 0.05mm spacing between peaks. 

40. The superconducting cable of claim 14, wherein the dielectric tape has a tensile modulus of at 
least 250,000 psi 

41 . A method of fabricating quasi-isotropic laminated fBms from polymer films which allows 

the laminated film to substantially retain the physical and mechanical properties of the unlaminated 
film comprising the steps o£ 

a. providbig at least two films of a polymer to be laminated; 

b. inserting the films into an apparatus adapted to ex^ force on the films 
surfaces and to allow contact of the fflms by a supercritical fluid; 

c. bringing the surfeces to be laminated ofeachofthe films into contact; 

d. exerting a force on the fjlma thereby urging the fihn surfeces into contact; 

e. contacting the films with a supercritical fluid while the film surfaces are 
under the exerted force, and 
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£ aJlowing the iilnis imder the exerted force to remain in the presence of the 
supercritical fluid for a time and at a temperature sufScient to laminate the 
surfaces. 



42. The method of claim 41 wherein the polymer is selected from the group consisting of low 
density and high density polymers, 

43. Themethodof claim 42 wherein the polynier is selected from the group consistiag of poty 
alkyls having from 2 to 6 carbon atoms, 

44. The method of claim 42 wherein the polymer is linear, 

45. The method of claim 42 wherein the polymer is branched 

46. The method of claim 41 wherein the fflmg are of the same polymer. 

47. The m^od of claim 4 1 wherein the fBms are of different polymers. 

48. The metibod of claim41 wherein the apparatus is essentially air tight 

49. The method of claim 41 wherein the films are oriented before being brought into contact. 

50. The method of claim41 wherein the supercritical fluid allows chemical reactions between 
the polymers of the films. 

51. The metliod of claim 50 wherein the supercritical fluid only permeates the amorphous regions 
of the polymer. 

52. The method of claim 51 wherein the supercritical fluid dfesolves the amoiphous regions of 
the polymer. 

53. The method of claim 51 wherein the supercritical fluid is COg. 
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54 . The method of claim 4 1 wherein the physical and mechanical properties of the resulting 
laminated film exceed the physical and mechanical properties of the non-laminated polymer jSlms. 



55. The method of claim 43 wherein the polymer is a low density polyethylene. 

56. A method of fabricating quasi-isotropic laminated films firom polymer films which allows 
the laminated film to substantially retain the physical and mechankal properties of the unlaminated 
film conpiising the steps of: 

a. proAdding at least two films of a polymer to be laminated; 

b. providing an enclosed means adapted to exert a force on a film's sur&ce; 

c. inserting the films into the enclosed means; 

d bringing the surfaces to be laminated of each of the films into contact; 
e. exerdng a force on the films thereto urging the film surl&ces into contact; 
f contacting the films with a supercritical fluid while the film surfeces are 

under the exerted force, and 
g. allowing the films under the exerted force to remain in the presence of the 

supercritical fluid for a time and at a temperature sufficient to laminate the 

surfaces. 

57. The method of claim 56 wherein the films are of the same polymer. 

58. The method of claim 56 wherein the films are of different polymers. 

59. The method of claim 56 wherein the films are oriented befi^re being brought into contact. 

60. The method of claim 56 wherein the supercritical fluid allows chemical reactions between 
the polymers of the films. 

61. Themethod of claim60 wherein the supercritical fluid only permeates the anaorphou^ 
of the polymer. 
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^ 62. The method of claim 61 wherein tiie supercritical fluid is CO2. 

63 . The method of claim 56 wherein the physical and mechanical properties of the resulting 
laminated fihn exceed the physical and mechanical properties of the non-laminated polymer films. 

64. A laminated film produced by the method of claim 41 . 

65. A laminated film produced by the method of claim 56. 

66. A laminated fihn produced by the method of claim 41 haying firom 2 to 1 6 layers of 
potymer film. 

67. A laminated fihnproduced by the method of claim 56 haying fi^ 16Iayers ofpolymer 
film 
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